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1 Introduction
1.1 Majorana fermions and their promise
The theoretical proposal for the existence of a particle with no charge and spin dates back to
1937, when E. Majorana solved the Dirac equation with real solutions. This implied the existence
of fermionic particles, which simultaneously are their own anti-particles [1]. Thereafter, particle
physicists have struggled unsuccessfully in their search for Majorana fermions.
While it is still unclear if they exist as free elementary particles, theoretical models predict Ma-
jorana bound states to appear as collective excitations in hybrid superconductor-semiconductor
heterostructures, localised at the ends of 1D systems with strong spin-orbit coupling in presence
of high magnetic Zeeman field [2]. In a pioneering experiment conducted in 2012 at Delft, elec-
tron transport measurements on a superconductor coupled to InSb nanowires revealed a peak
in the density of states at the Fermi level at B  0:2T . This was interpreted as a signature of
Majorana bound states [3].
Contrary to the elementary particles Majorana fermions, Majorana bound states in condensed
matter systems do not obey to the rules of the fermionic statistics, like electrons and protons.
Majorana quasiparticles, in fact, hold the extraordinary promise of being governed by the non-
abelian exchange statistics. This means an exchange of two Majorana bound states leads to a
non-trivial modification of the wavefunction of the system, whereas an exchange of two fermions
would lead to a simple sign change of the wavefunction. As a consequence of non-abelian
statistics, two possible situations can occur if two Majorana bound states are combined, or
fused: the pair can either annihilate (vacuum state) or merge into a fermionic state (electron
state) [4].
A fermionic state can be detected by measuring the parity of the system. Parity refers to
the number of unpaired electrons in the superconductor and can be even (0 electrons), odd
(1 unpaired electron) or any quantum linear superpositions of the two. By assuming to start
with the system prepared in the odd configuration, the introduction of a second electron in the
superconductor leads to the formation of a Cooper pair, establishing the even configuration.
In conclusion, Majorana bound states represent a promising platform for future quantum com-
putation, as their non-local nature provides topological protection of the encoded quantum
information [4]. With this hope, a huge financial and human effort is being dedicated for real-
ising such a Majorana-based qubit.
1.2 Hint of Majorana braiding
The experimental demonstration of the non-abelian statistics of Majorana bound states is es-
sential for the confirmation of the first zero-bias peak signatures, but remains experimentally
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challenging.
Theoretical schemes for this detection [4, 5], involve mesoscopic circuits made with a network
of semiconducting nanowires and superconducting islands. The braiding - exchange - of two
Majorana bound states can be realised by tuning their long-range Coulomb interaction. This
can be performed by regulating magnetic flux-tunable superconducting quantum interference
devices (SQUIDs) or electrostatic gates. T. Hyart et al. [5] proposed the minimal circuit shown
in Fig. 1.1 for magnetic flux-controlled braiding two Majoranas.
In this scheme, two large superconducting islands (in blue) connected by a SQUID (on the left)
form a Cooper Pair Box and, together with a transmission line resonator (in light blue), is
used for measure the parity of the islands before and after braiding. Relevant energies in the
Cooper Pair Box physics are the charging energy Ec and the Josephson energy Ej . The former
is minimised when the charge difference qind between the two islands is zero, while the latter
favours Josephson current flow through the junctions from one island to the other. Therefore,
the ratio Ej/Ec determines the nature of the ground state of the system.
If Ej/Ec is high ( 50), the Cooper Pair box is in the so-called transmon regime and shows
energy levels independent of any charge perturbation in the islands; if Ej/Ec is low ( 0:5),
the spectrum is sensitive to the single electronic charge. In the so-called intermediate regime
(1  Ej/Ec  10), two non-degenerate parity dependent ground states emerge [6]. The CPB
energy dispersions of the transmon and of intermediate regimes are presented in Fig. 1.2.
In the scheme presented in Fig. 1.1, the ratio Ej(0)/Ec, which determines the charge sensitivity
of the Cooper Pair Box, can be varied by regulating the flux 0 through the SQUID on the
left. The Josephson energy Ej(0) can be tuned from  0 to a maximum value Emaxj , while
the charging energy Ec is set by the geometry of the islands.
The state of the CPB can be read-out by coupling a transmission line resonator. In the dispersive
regime, the bare resonance frequency of the resonator acquires a frequency shift, which depends
on the occupation of the energy levels of the CPB. As the energy transition between the ground
and the first excited state 0! 1 depends on the parity configuration, the parity can be inferred
upon the measurement.
Three other smaller islands (low right of the figure) connected via SQUIDs (tunable via 1, 2
and 3) are embedded between the transmon capacitor plates, and are used for manipulating
the Majorana pairs (yellow circles), hosted at the ends of superconducting regions within the
semiconducting nanowires. Nanowires are depicted in black (uncovered sections) and in gray
(covered by superconducting film); together they form a -shaped network. Majoranas (i,
i =A, B, C, D, E, F) can be effectively moved along the nanowires, by changing their Coulomb
coupling interactions, which depend on the fluxes 1, 2 and 3 through the SQUIDs.
This scheme allows to (1) initialize the system by detecting the fermion parity of the Majoranas
A and B , (2) to braid Majoranas B with C , by using the others as ancillas, and, eventually,
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Figure 1.1: Scheme of the minimal circuit for flux-controlled braiding two Majorana fermions, proposed
by T. Hyart et al. [5]: two large superconducting islands (in blue) connected by a SQUID (on the left)
form a Cooper Pair Box. The Cooper Pair Box energy spectrum for a given parity configuration
depends on the ratio of the Josephson energy and of the charging energy Ej(0)/Ec and can be varied
by regulating the flux 0 through the loop. The charging energy is set by the island geometry, while
the Josephson energy can be tuned from  0 to a maximum value Emaxj . By varying Ej(0)/Ec, one
can change the charge sensitivity of the Cooper Pair Box. The occupation of the CPB is read-out
by coupling a transmission line resonator (in light blue) in the dispersive regime. The bare resonance
exhibits a frequency shift, which depends on the level occupation of the system. Three other smaller
islands (low right of the figure) connected with SQUIDs (tunable via 1, 2 and 3) are necessary
for the manipulation of the Majorana pairs (yellow circles), hosted at the ends of superconducting
regions within the semiconducting nanowires. By changing the Coulomb coupling interaction between
Majoranas, via magnetic flux regulation through the SQUIDs, Majoranas (i, i =A, B, C, D, E, F) can
be effectively moved along the nanowires. In this circuit, a sequence of flux regulations leads to the
exchange of B with C . Nanowires are depicted in black (uncovered sections) and in gray (covered by
superconducting film); together they form a -shaped network.
(3) to measure the fermion parity of A and C . Depending on how many times the step (2)
is performed, one expects to see a modulation of the parity flip, explained by the non-abelian
statistics.
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Figure 1.2: Energy spectrum of the Cooper Pair Box with respect to the induced charge (i:e: tunable
by using an electrostatic gate): (a) if the ratio Ej/Ec is high, the sensitivity to the induced charge is
exponentially suppressed and the energy bands flatten displaying a degenerate ground state (transmon
regime). (b) As Ej/Ec is decreased to 1   10, the odd-even degeneracy is broken and the odd and
even parity configurations present different energy spectrum (intermediate regime) [6]. The dotted lines
represent the energy spectrum of the odd configuration, the full one corresponds to the even one. The
energy splittings between the two, W0 and W1, can be made exponentially small by increasing the ratio
Ej/Ec.
1.3 Motivations and goals of this thesis
The braiding scheme shown in Fig. 1.1, relies on superconducting circuit elements which should
be magnetic field resilient, as Josephson junctions and superconducting microwave resonators.
Junctions are necessary for the realisation of SQUIDs, while microwave resonators are used in
the minimal circuit to perform fast parity read-out measurements, before and after Majoranas
braiding.
Goals of this thesis are the realisation and the characterisation of magnetic field resilient Joseph-
son junctions and superconducting microwave resonators. High-quality materials, such as thin-
aluminum and niobium titanium nitride are chosen, as their critical magnetic fields (the fields
at which the two superconductors transitions to the normal state) are respectively  2T and
> 10T .
4
2 Theoretical Background
2.1 Superconductors in a magnetic field
Superconductivity is a fascinating phenomenon, which was first observed by K. Onnes in 1911 in
Leiden, when a sample of Hg was successfully cooled below the boiling point of He4. An abrupt
drop in the resistance at 4:2K was observed to values so small that they were not measurable
by his instrumentation [7].
In 1972, the Nobel Prize was conferred to J. Bardeen, L. N. Cooper and J. R. Schrieffer for
their interpretation of the experiments on many different compounds after 1911. Today, the
BCS theory [8], together with the phenomenological theories of the London brothers [9] and
Ginzburg-Landau (GL) [10], still explains a wide part of the measurements in the field.
In this chapter, firstly, theoretical concepts relevant for the present research are introduced.
Thereon a brief introduction regarding the main aspects of superconductivity is presented, fol-
lowed by a discussion on type-2 superconductors, the concluding part deals with magnetic
quantum vortices and vortex-pinning sites. It is assumed that the reader is familiar with the
main concepts regarding superconductivity as Ginzburg-Landau, Londons and Bardeen-Cooper-
Schrieffer theories.
2.1.1 Characteristic lengths
Important characteristic length scales in the superconductors are the coherence length and the
penetration depth.
• The coherence length 0 represents the length scale which measures the spatial response
of the superconductor to some external perturbation (i:e: the distance over which super-
conductivity is developed in the material from the boundary with a normal metal) [11].
It is defined as 0 = a~vfkTc , where a  1, vf the Fermi velocity, Tc the superconducting
transition temperature and k the Boltzmann constant [12]. In presence of scattering over
a mean free path l, the effective coherence length is reduced and becomes  1 =  10 + l 1
[13];
• the penetration depth  is the length scale over which the magnetic field penetrates the
superconductor. In the London model it is defined as L =
q
mc2
4nse2
, where ns is the
density of Cooper pairs and m is the electron mass [9]. A second definition is given by the
BCS theory and it is possible to correlate the two with the simple equation  h 3
p
2L0
[13].
Aluminum and niobium are examples of widely studied superconducting materials [14, 15].
Their coherence length and penetration depths in bulk systems are respectively Al = 1:5m
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(a) (b)
Figure 2.1: Difference between type 1 and type 2 superconductors: contrary to type 1, an infinite slab
of a type 2 superconductor ( > ) is largely penetrated by the magnetic field maintaining a constant
energy gap up to a distance   from the interface [16].
and LAl = 16nm, Nb = 38nm and LNb = 39nm [13]. However, the behaviour of thin films
is very different. When their thicknesses are smaller than their penetration depth, they do not
completely experience the Meissner effect (the expulsion of the magnetic field from the bulk
of the material). The critical magnetic field (the field at which the superconductor undergoes
transition to the normal state) is higher in thin films, especially if the field is applied parallel
to the plane of the film. The above renders thin films of superconductors suitable for several
technological applications. Experiments on ultra-thin aluminum layers showed that the in-plane
critical field obeys to the equation [14]:
Bck = 2
p
6
Bc
t
2.1.2 Type-2 superconductors
In 1957, Abrikosov studied the case for which the Ginzburg-Landau parameter  = / exceeds
1/
p
2 in order to achieve a phenomenological understanding of type-2 superconductors [17].
The main difference between type-1 and type-2 superconductors is their behaviour in an applied
magnetic field. While the former transitions to the normal state at critical magnetic fields Bc,
the latter experiences the so-called mixed-state (or Schubnikov phase) for Bc1 < B < Bc2 (Fig.
2.1). In this regime, the magnetic field gradually enters in the superconductor by means of
flux lines containing at least a quantum of magnetic flux 0 = h2e . In the core of these lines,
the density of Cooper pairs approaches zero, creating excited quasiparticles1 in a spatial region
limited by the coherence length . A dissipationless supercurrent circulates around the core
with external diameter in the order of . For this reason, these regions are also called vortices.
These filaments tend to be spatially arranged in a well-defined lattice configuration, which are
generally square or triangular arrays. It has been found that the triangular array is often most
1I hereby refer to the quasiparticles defined in this context by a superposition of a hole and of an electron.
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favorable [18]. In this case, a good evaluation of the distance between two nearest neighbors is
given by:
a = 1:075 
p
0/B
For example, for a perpendicular field to the film of 1mT , a h 1:5m.
When a small magnetic field is applied to a type-2 superconductor at temperatures close to Tc,
vortices move freely with negligible interaction. When their density increases, the interaction
is mainly due to the circulating supercurrents, which generate a repulsive force establishing the
ordered distribution in a lattice [19].
The interaction of a vortex with current density  !J leads to a Lorentz force, perpendicular to
both the directions of the vortex core and of the external field. This can be expressed by the
product  !fL =  !J   !0, where  !fL is the density of force per unit length of the vortex and  !0
represents the quantum flux along the direction of  !B . In the limit of high density of vortices,
the equation can also be simplified and written as  !F =  !J   !B . This force is responsible for
the motion of a single vortex.
Assuming that a vortex is moving with a velocity  !v , then the induced electrical field  !E = !
B   !v has the same direction as that of  !J . From Ohm’s law, one can obtain the flux flow
resistance ff = EJ , which generates the damping of the motion.
A vortex in a non-ideal superconductor resides in energetically favorable sites, typically defects,
voids or grains at the edges of the material. In these regions, the creation of a core with excited
quasiparticles is favorable. However, thermal excitation can cause the vortex to escape from
the pinning region with a rate defined by Boltzmann statistics. The rate of hopping out from
the confinement is proportional to ekT/U , where U is the energy barrier to hopping. If the
vortex interacts with current, the rate is enhanced. This has been verified in YBCO [20] and
the expression for the barrier height alters to U  (1  JJc ) [20].
2.1.3 Vortex pinning and magnetic field expulsion
A dirty superconductor, such as the one used in this thesis (NbTiN), has natural pinning sites
in regions of weakened superconductivity. Weak points in rough films are, for instance, grain
boundaries and thinner regions, where the superconducting energy gap is lower in comparison
to surrounding thicker regions.
As described in ref. [19], the equation of the motion x(t) of a vortex in a simple 1-dimensional
model is the following:
 _x+ kpx = FL
where the first term occurs because of the the flux flow resistance and the second represents the
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force due to the pinning well potential, assuming that the latter has parabolic potential profile
with a coefficient kp2 . The inertial term mx has been neglected since the effective mass of a
single fluxoid is very small [21]. From the equation, the definition of the depinning frequency
!d =
kp
 emerges.
If the system is excited by an external oscillating force FL(!) at low frequencies (! < !d), the
strength of the pinning dominates and the oscillation of the vortex is harmonic, while at high
frequencies (! > !d) the effect of the damping induces energy dissipation.
For thin films of type-2 superconductors, magnetic fields in the order of Bc1  T induce the
mixed state and single quantum fluxes are hosted in the material.
However, in 2004, Stan et al. [22] reported that in narrow niobium strips, complete flux expulsion
can also be achieved even above Bc1 . This meant that nucleation of vortices can be prevented
in certain geometries. To explain the mechanism, it is convenient to introduce the in-plane
penetration depth , which is the length scale from the edge of the strip for which the field can
enter by means of vortices. It is expressed by  = 22/t, where t the thickness of the film.
For T ' Tc, if the width of the strip w is smaller than , the superconductor is completely pen-
etrated by quasi-free fluxoids. As the temperature is lowered, the pinning potential dominates
the thermally activated motion and the vortices freeze in a configuration which results from two
competing forces. The first originates from the attraction of the vortex with its own mirror
image out of the strip, an anti-vortex, and tends to expel the filaments out of the strip. The
second one is caused by the interaction with the weak screening supercurrent, which flows near
the edge of the strip. The latter tends to repel the vortex toward the center and is proportional
to the applied magnetic field. At high fields, this force dominates, leading to the formation
of an ordered central row of vortices (Fig. 2.2). The mechanism can also be understood from
studying the Gibbs free energy distribution along the width of the strip for different magnetic
fields, as shown in Fig. 2.3.
In the regime w  , a critical field B0 for complete vortex expulsion exists and can be
expressed, independently by  and , as:
B0 =
0
4w2
Above B0, the nucleation of vortices in the strip occurs.
2.2 Transport in a superconductor
2.2.1 DC transport
In superconductors the density of current is supported by the flow of Cooper pairs, which do not
scatter with the lattice or impurities. In 1962, B. D. Josephson predicted that supercurrent can
also flow across a small insulating barrier if this is encapsulated between two superconducting
8
Figure 2.2: Images from [22] taken using scanning Hall-probe microscope. (a) In a 10m-narrow Nb
strip at B = 85T , the vortices are mostly located in the central regions, but they also find energetically
favorable pinning-sites near the edges. (b) In a 100m-narrow Nb strip at B = 5:3T , the vortices
homogeneously cover the surface.
Figure 2.3: Gibbs free energy as a function of the distance from the center of a narrow strip [22]. In
the superconducting phase, for small magnetic fields such as B = 10T , the energy Gibbs profile has
minima outside of the strip and vortices tend to be pulled out. For fields higher than B0 = 04w2 , the
Gibbs free energy has a relative minimum at the center and vortices are meta-stable at x = 0. As
the fields exceed Bs = 20w2 ln( w4 ) [23], an absolute minimum with negative energy occurs and in the
absence of pinning sites, induced vortices cannot escape from the strip, thus living mostly at the center.
Stan et al. reported that the field that determines the upper-limit for the vortex expulsion is in good
approximation B0 [22].
9
Figure 2.4: Schematic of ideal Superconductor-Insulator-Superconductor (SIS) Josephson junction
(image taken from ref. [25]). The barrier is so thin that the wavefunctions of the two condensates  1
and  2 can couple leading to a coherent transport of Cooper pairs with no voltage drop.
leads, as sketched in Fig. 2.4 [24]. Together with the observation of the phenomenon, Josephson’s
vision opened up a new age in condensed matter physics. In this section, an overview of the
main Josephson junctions physics is discussed.
Josephson junctions
Josephson predicted that a supercurrent can flow across a thin dielectric barrier between two
superconducting leads (the so-called Josephson junction) with no dissipation (V = 0), according
to:
Is = Ic  sin()
where  is the phase difference of the GL order parameters of the two superconductors and
Ic is the critical current - the maximum I supported by the junction before a voltage drop is
established. Above Ic, dissipation occurs in the system [13] (Fig. 2.5).
Secondly, he theorised the time evolution of the phase difference  when a voltage V (t) is
applied across the junction:
d
dt
=
2eV (t)
~
For stationary V , the solution is an alternating supercurrent with a maximum amplitude Ic and
a frequency  = 2eV~ .
The current is a physical quantity, therefore it has to been invariant for any gauge transforma-
tions of the magnetic vector and electric potentials. For the above, the phase difference  has
to be replaced with the general gauge-invariant phase difference , defined by:
    2
0
  !
A   !ds
where  !A is the magnetic vector potential, with the Coulomb gauge  !r   !A = 0. The phase  is
thus independent of any gauge transformations of  !A !  !A+ !r if an opportune transformation
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Figure 2.5: Ideal IV trace of a symmetric junction from ref. [25] shows that for jV j > 20
e
, the current
is supported by quasiparticles, which behave as normal electrons giving a non-zero resistance. For
V = 0, a supercurrent Is with amplitude jIsj  Ic can flow supported by non-dissipative Cooper pairs
tunneling.
Figure 2.6: Resistively and capacitively shunted junction (RCSJ) schematic circuit [13].
for the phase !   2e~  is applied.
Eventually, the dependence of supercurrent on the gauge-invariant phase is expressed by:
Is = Ic  sin()
The current dynamics across a real junction are described by the RCSJ (resisitively and ca-
pacitively shunted junction) model. The latter considers not only the Josephson effect at zero
voltage, but also the resistance of the dielectric at higher voltage and the capacitance of the
electrodes. Therefore, the model depicts a Josephson junction like a capacitor, a resistor and an
ideal Josephson junction in parallel, as shown in Fig. 2.6. The assumption that the quasiparticle
resistance R is independent of the current, is made.
The equation for the current biased-circuit is derived by applying the Kirchhoff’s laws:
0 =  I + V
R
+ Icsin() + C
dV
dt
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Inserting the time-dependent phase evolution, one can calculate:
0 =  I + 0
R2
_ + Icsin() +
C
2
0
By multiplying the last equation for 02 , the analogous equation of a classical damped harmonic
oscillator, with a mass m, a damping constant D and a potential U is obtained:
0 = mx+D _x+
dU
dx
with the definitions: 8>>><>>>:
m = C  (02 )2
D = 1R  (02 )2
U() = Ic02 (  IIc   cos)
The so-called washboard potential U() depends on the bias current, as depicted in Fig. 2.7.
0 5 10 15 20
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Figure 2.7: Washboard potential for different bias currents: I = 0; 1
2
Ic; Ic. At zero temperature and
for I  Ic, the particle becomes trapped in one of the potential wells and  is constant leading to V = 0.
For I = Ic
2
, the particle mostly remains trapped, but the energy barrier is lowered. When I = Ic, the
particle is free to run down and a voltage is established across the junction. At finite temperature, even
for I < Ic, a probability to escape from the well arises and the transition to the normal state occurs at
Ic(T ) < Ic(0).
For the purpose of this thesis, it is not necessary to report all the solutions of the model; for
the complete description, the reader is referred to ref. [13].
The gauge-invariant phase dynamics depends on the magnitude of the quality factor, defined
as:
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Q = !pRC =
r
2Ic
0C
RC
In the context of the RCSJ model, junctions are classified as overdamped if Q  1, and,
underdamped if Q  1. In the second case, IV trace is predicted to show hysteresi and the
critical current depends on the direction of the current sweep.
Josephson junctions in a parallel magnetic field
Assuming that the junction lies on the (xy) plane and the field is directed along x^ or y^ (see Fig.
2.8), magnetic flux  through a Josephson junction alters the phase difference  between the
superconducting leads, according to:
(x; y) =   2
0
  !
B   !dA
Figure 2.8: Schematics of a parallel field applied to a Josephson junction. The magnetic field mostly
penetrates across the insulator resulting in a flux i = dLB. The two superconducting leads are
penetrated in a length scale of . Assuming that the sizes of the electrodes are greater than their
penetration depth, the flux is given by s = (1 + 2)LB. Therefore, the total magnetic flux is
 = BL(d+ 1 + 2).
In the limit of homogeneous and rectangular barrier with side L and thickness d, the critical
current through the junction is reduced from the zero-field value by a factor [13]:
Ic(B)
Ic(0)
= j
sin(0 )

0
j
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Figure 2.9: Fraunhofer pattern: the critical current in a Josephson junction depends on the flux through
the junction, as a consequence of the modulation of the gauge-invariant phase (x; y). The Fraunhofer
pattern is observed only if supercurrent density across the barrier is homogeneous.
where  = BL(1+2+d), with the assumption of semi-infinite superconductors. If the leads are
shorter than their penetration depths, the total flux is  = BL(1tanh( d121 )+2tanh(
d2
22
)+d).
The modulation of the critical current as a function of magnetic flux is shown in Fig. 2.9.
The form of the equation corresponds to the intensity of the diffracted light through a narrow
slit and, consequently, the modulation of the supercurrent on the magnetic flux is also called a
Fraunhofer pattern.
2.2.2 AC transport
Several applications of superconductivity in current technologies involve the electrodynamics
properties of superconducting films at high frequencies. In this thesis, for instance, high-Q
cavities suitable in the range of the microwaves (  mm, f  GHz) are realised with super-
conducting NbTiN films.
Excited at non-zero frequencies, a superconductor always displays a finite dissipation, since
thermally-activated quasiparticles are also involved in the oscillation of the electrical fields. In
this chapter, the principles of electrodynamics in disordered films are discussed.
Non-local electrodynamics
A modification of the local Ohm’s law  !J ( !r ) =  !E ( !r ) is required in some cases. At room
temperature and in the microwave spectrum range, the relation is valid as the electron mean free
path l = vF  is lower than the skin depth , which is the length scale, over which the electrical
field penetrates in the metals:
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 '
r
2
2f0dc
The local relation  !J ( !r ) =  !E ( !r ) holds if the fields vary slowly with respect to the mean
free path of an electron (l  ). This condition is not fulfilled for high frequencies and at low
temperature. In this regime, Chambers proposed a generalisation, which is expressed by [26]:
 !
J ( !r ) = 3
4l


d
 !
r0
 !
R  [ !R   !E ( !r0 )]  e Rl
R4
where  !R =  !r    !r0 and l is the characteristic length scale, over which the integration of the
electrical field occurs.
Thereon, Pippard proposed to replace l with the coherence length  in Chambers’s equation to
account for the non-locality given by the finite size of a Cooper pair in superconductors [12].
Complex conductivity of the two-fluids model
The complex conductivity describes the response of a system to electromagnetic fields:
 = 1   i2
In a superconductor irradiated by microwaves, both the Cooper pairs condensate with their own
inertia and the dissipative quasiparticles oscillate.
It is natural to distinguish all the electrons in two classes as described in the two-fluids model
[13]. Calling with nn and ns respectively the density of quasiparticles and of electrons forming
Cooper pairs, the total electron density is nn + ns = n.
According to Drude’s model, a free electron is accelerated and decelerated by oscillating fields
E(!; t) and it also undergoes to scattering events, occurring in the time scale  . From the
equation of the motion, one can obtain the complex conductivity for i = fn; sg:
i(!) =
nie
2i
m
 1
1 + i!i
With the reasonable approximations of s ! 1 and for !n  1 (valid for ~!   and
T  Tc), it is possible to combine the electrical response of the two fluids in an unique complex
conductivity. The real and imaginary parts are:8<:1 = nse
2
2m (!) +
nne
2n
m
2 =
nse
2
m!
The two-fluids model predicts thus qualitatively that dissipation occurs for ! 6= 0.
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The electrical response of a superconductor is also affected by disorder, that shortens the electron
mean free path respect with respect to an ideal material. For example, for NbTiN films, the
mean free path l is in the order of  nm, smaller than the coherence length 0. High disorder
alters the superconducting properties of the films and an effective coherence length is introduced.
The expression for the latter is given by the GL theory [27]:
 = 0:86 
p
0l
In conclusion, short mean free path in disordered superconductors, as also described by the
two-fluids model, results in high resistive thin films.
Mattis-Bardeen theory of high frequency response of superconductors in the dirty
limit
The microscopic theory of the response of superconductors was introduced in 1958 by Mattis
and Bardeen [28]. They analysed the complex conductivity in both the dirty (l  0) and
extremely anomalous limits (l  0). In the former, in the regime T  Tc and hf  , the
conductivity obeys to [27]:8<:
1
N
= 4hf  e 

kT sinh( hf2kT ) K0( hf2kT )
2
N
= hf 
h
1  2e  kT e  hfkT  I0( hf2kT )
i
where K0(x) and I0(x) are the Bessel functions respectively of the first and second kind. These
equations quantitatively reflect the drop of the Cooper pair density at finite temperatures.
Variation of the complex conductivity are nowadays probed using superconducting microwave
resonators [27, 29, 30]. The relative variation f(T )/f0 of their resonant frequencies is used to
map small changes of 2, as expressed by:
f
f
=

2
2
2
where  is the relative fraction of the kinetic inductance, largely discussed in chapter 2.3.
In the dirty limit, non-local effects are negligible as the length scale, over which the electrical
and magnetic field change, are higher than the mean free path. According to the Mattis-Bardeen
theory, in these systems, the penetration depth  is given by:
(f; T ) =
1p
02f2(f; T )
The penetration depth at zero temperature can also be obtained from the the resistivity of the
film [13]:
16
(T = 0) =
s
~
00
Films discussed in this thesis such as 100 nm-thick NbTiN have a room-temperature resistivity
of 300K ' 120
  cm. The latter does not differ much from the resistivity 20K at 20K.
Kinetic inductance in superconductors
The kinetic inductance is associated with the inertial mass of the current carriers. The concept
naturally arises considering the energy of a homogeneous system with length l and cross section
, composed of charge particles with a number density n and a mass m carrying a total current
I [31]:
Etot =
1
2
LmI
2 +
1
2
(
m
ne2
 l

)I2
While the first term arises because magnetic field around the system is created with an energy
cost 12LmI2 ( where Lm is the magnetic inductance), the second one derives from the kinetic
energy of the carriers. Focusing on the latter, it is a straightforward analogy to introduce the
kinetic inductance Lk. By assuming that the current is uniformly distributed across , one can
derives:
Lk =
m
ne2
l

For a normal conductor, the experiments of Hertz and Faraday showed that the kinetic energy
is negligible since Lk  Lm. By modeling this effect in a wire, it emerges that the kinetic
reactance !Lk is in the same order of resistance R only if ! > 1/ , where  is the time scale
over which two scatterings events occur:8<:R = mlne2 1!Lk = mlne2!
As in superconductors  approaches1, kinetic inductance dominates over resistance. For wires
with lateral sizes shorter than the penetration depth , the supercurrent is homogeneously
distributed, and the kinetic inductance is:
Lk =
0
2l

17
2.3 Microwave superconducting resonators
The term microwaves defines the electromagnetic spectrum of frequencies between 100MHz
and 100GHz. This work focuses on the bandwidth 3:5   8GHz, for which the wavelength in
vacuum  is in the order of  cm. Typical dimensions of the microwave resonators discussed
in this thesis are /4, while the building circuit elements, such as capacitors or inductors, are
usually smaller than the wavelength and are called distributed elements.
2.3.1 Ideal Microwave Transmission Line
In this section, an overview of the microwave propagation in a two-conductor distributed-
transmission line is presented, assuming ideal and lossless wires (R = 0). The last assump-
tion is a valid approximation if the conductors are made with superconductors. The system is
composed with semi-infinite wires, which extend from z = 0, where a voltage generator, with
internal resistance Rg, is placed [32]. The schematics of the distributed circuit is shown in Fig.
2.10.
Vg(t) Cdz
Ldz
Rg
zz=0
I(t)
-I(t)
Cdz
Ldz
Figure 2.10: Ideal lossless transmission line.
As voltage Vg(t) is applied, current I(t) flows into the upper wire, while  I(t) returns in the
lower one preserving the continuity of the charge flow across the generator. The distributed
capacitance C per meter, which couples the two wires, produces an electrical field between the
two and the return current is stimulated to flow from the lower to the upper one. Magnetic field
around the wires is created depending on the characteristic inductance L per meter.
The circuit can be solved using Kirchhoff’s rules, modeling a portion of the transmission line
with a shunt capacitance Cdz and a series inductance Ldz [32]. The electrical fields propagate
with a phase velocity v = 1p
LC
, therefore, a voltage V (z; t) and I(z; t) cannot differ from zero if
the minimum time z/v is elapsed after turning on the generator. In the case of a transmission
line suspended in vacuum, v is the speed of light c.
The characteristic impedance of a lossless transmission line is thus real:
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Zc =
r
L
C
For a generic position along the line, the voltage is given by:
V (z; t) =
Zc
Zc +Rg
Vg(t  z
v
)
while, the current is expressed by:
I(z; t) =
1
Zc +Rg
Vg(t  z
v
)
Assuming now to deal with a resistance load Rl at z = l, the voltage and the current are:8<:V (l; t) = VL = ILRLI(l; t) = IL
If RL = Zc, one can derive that VL = ILRL = ILZc and the forward propagating wave is
absorbed by the load resistor. In the case RL 6= Zc, a reflected component V  (l; t) is required
to satisfy the condition V (z; t) = ZcI(z; t) at the termination of the line.
The ratio of the reflected amplitude of the wave V   and the transmitted one V + is described
by the parameter  L, so-called load voltage reflection coefficient, and it is expressed by [32]:
 L =
V  
V +
=
RL   Zc
RL + Zc
If the generator has Rg = Zc, the reflected component V   is absorbed, otherwise another
reflection occurs. This mechanism is iterative and a multitude of forward propagating and
reflected waves is generated. Fabry-Perot resonances along the transmission line arise.
In the measurements presented in this thesis, a sinusoidal signal is sent along the transmission
line by a commercial microwave generator:
Vg(t) = Vgcos(2ft)
After a transient time, the steady-state voltage along the transmission line is achieved, because
the reflected signals are attenuated by the factor  L at the load and by  g in the generator
(where  g is obtained simply replacing in  L the value RL with Rg). Stationary solutions are
voltage and current oscillations of the form:8<:V (z) = V +e iz + V  e+izI(z) = I+e iz + I e+iz
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Figure 2.11: Coplanar wave guide geometry.
where  = 2f/v = 2f  pLC is the propagation phase constant.
The phase velocity of electromagnetic waves v in a medium is given by the Maxwell equations:
v =
1p

Combining the two equations, one can obtain:
LC = 
2.3.2 Coplanar Wave Guides
In the devices discussed in this thesis, transmission lines are realised in the geometry of coplanar
wave guides (CPW) by patterning superconducting films, as shown in Fig. 2.11.
A central conductor with a width w lies on a dielectric substrate and it is separated from two
extended ground planes via two insulating gaps with size g. Both w and g are typically in the
order of  m and can be patterned with an accuracy of  0:05m. The electromagnetic field
equally fills both the vacuum and the substrate (in first approximation). Therefore, the effective
relative dielectric constant is the average of the two:
eff ' 1 + sub
2
For sapphire substrate with  ' 10, eff is 5:5.
Coplanar wave guides are analogous to coaxial cables, which are used to drive radio frequencies
and microwaves (i.e. TV cables). In the coaxial geometry, the inner central conductor is a
cylinder separated via an insulating dielectric from a surrounding metal ground plane. In the
2D geometry presented in this thesis, the normal conductors are replaced by superconducting
NbTiN and the dielectric is half vacuum and half sapphire.
Coplanar wave guides can support the propagation of quasi-TEM modes, in which the electric
and magnetic field lines are quasi-orthogonally to the direction of the propagation [33]. The
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current in the central strip is equal and anti-parallel to the one flowing in the ground planes
(even mode) [27].
For the measurements presented in this report, coplanar feedlines (patterned transmission line)
with an impedance of Z =
q
L
C = 50
 are realised, to match the nominal value 50
 of the
measurement setup.
The kinetic inductance per unit length Lk of a superconducting strip with width w and thickness
t was firstly calculated by Meservey and Tedrow in 1969 [31]:
Lk =
0
2w
 log(4w
t
)
sinh(t/)
cosh(t/)  1
where  is the penetration depth of the superconductor.
In the limit of thin film (t ), the equation is simplified and a quadratic relation between the
kinetic inductance and the penetration depth emerges [19]:
Lk(t ) ' 0
2
22wt
 log(4w
t
)
The magnetic inductance and the capacitance per unit length are expressed by [32]:8<:Lg =
0
4
K(k0)
K(k)
C = 40eff
K(k0)
K(k)
where K(x) is the complete elliptic integral of the first kind,and k and k0 are:8<:k = ww+2gk02 = 1  k2
The ratio of the kinetic inductance  is defined as:
 =
Lk
Lk + Lg
Finally, the impedance of the CPW transmission line is:
ZCPW =
r
Lk + Lg
C
For example, for 22nm-thick NbTiN with an effective penetration depth of  ' 320nm on
sapphire substrate, the designed feedline had width w = 32m and narrow gap g = 0:4nm. For
this geometry, the inductance and capacitance are Lk ' 7:6  10 7H/m, Lg ' 1:7  10 7H/m
and C = 3:7  10 10F/m, returning  ' 0:82.
For a thicker film, i.e. 100nm-thick NbTiN, the feedline parameters were w = 15m, g = 4m
resulting in Lk = 1:6  10 7H/m, Lg = 3:4  10 7, C = 1:8  10 10F/m and giving  ' 0:32.
21
open-end
shorted-end
ground plane
Figure 2.12: Quarterwave superconducting microwave resonator. It is a meandered circuit with length
in the order of l  2   5mm, provided with both a open-end and a shorted-to-ground one. The total
capacitance C  l and inductance (Lg + Lk)  l are distributed along the resonator.
2.3.3 /4 resonators
Quarterwave superconducting microwave resonators described in this thesis are l  2   5mm
long and, they are meandered because of their macroscopic length. They are distributed circuits
with resonant frequencies f lying in the range of 3:5   8GHz and a very narrow-band width
(f  0:1MHz).
/4 resonators are provided with both an open-end and a short-to-ground one (Fig. 2.12). The
former constitutes a floating superconducting strip, which can be excited by a voltage fluctuation
in the surrounding environment, while the second one is connected to ground (V = 0). The
open-end is placed parallel to the feedline, constituting a coupler capacitor for the high-frequency
signal traveling along the input wave guide.
Analogously to the description of coplanar wave guides, the geometry of the resonator, wres and
gres, together with the parameters of the film (thickness t and penetration depth ), implies Lg,
Lk and C (per unity of meter), as discussed in Sect. 2.3.2. Used in the lowest-order mode, the
resonant frequency of a /4 LC-resonant circuit is:
f =
1
4l
p
(Lk + Lg)C
The value of Lk depends on the parameters of the design and on the surface inductance of the
superconductor Ls (where the surface impedance is defined by Zs = Rs + i  2f  Ls) [27]. If
Ls is known with accuracy, the kinetic inductance can also be calculated as:
Lk = gLs
where the dimensions are fgg = meter 1 and fLsg = Henry. The geometry factor g can be
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further separated in two contributions due to the kinetic inductance of the central conductor
(gc) and of the ground plane (gg). Both gc and gg can be calculated with an accuracy of 10%,
valid in the conditions t < 0:05w and k = gg+2w < 0:8, as [27]:8<:gc =
1
4w(1 k2)K2(k)
h
 + log( 4wt )  klog( 1+k1 k )
i
gg =
k
4w(1 k2)K2(k)
h
 + log( 4(w+2g)t )  1k log( 1+k1 k )
i
In this thesis, the kinetic inductance was obtained from the resonance frequency by using the
theoretical values of Lg and C. The surface impedance was then derived, Ls = Lkg . Typical
values in the order of 0:7  1:5 pH were found
A temperature variation does not influence the value of the geometric inductance Lg; as the
magnetic field outside of the superconductor depends only on the geometry of the strip, but
the capacitance C and Lk are affected. As the dielectric constant  of the dielectric and the
penetration depth  of the film are very sensitive to temperature variation, the frequency shift
f/f contains information about the response of two level systems (TLS) at the interfaces and
the density of Cooper pairs in the superconductor [27, 29, 34].
2.3.4 Coupling to an external feedline
The open-end termination is placed nearby the feedline to facilitate coupling. The length of
this elbow and the portion of the ground strip, which physically separates the feedline and the
resonators, determine together the strength of the coupling, which is correlated to the probability
for a photon to leak from one guiding structure to the other.
In the work discussed in this thesis, the geometry of the couplers varied in order to target the
appropriate coupling capacitance (the length of the elbow changed from 10m to 80m, keeping
2m of ground strip in between the resonator and the feedline).
The feedline and a capacitively-coupled resonator can be seen as a 3-port system. The microwave
signal S21 travels along the sample from port 1 to 2. At resonance, the photons can leak into
the cavity (port 3), bouncing back and forth several times, as an optical ray does between two
mirrors. The photons can then leave the cavity either because they are absorbed by spurious
systems in the surrounding environment (i.e. by polarizing TLS at the interface between the
film and the substrate) or because they leak back in the input wave guide through the capacitor.
Formally, the life-time of a photon in the cavity is determined by:
 =
Ql
f
where f is the resonance frequency and Ql is the loaded quality factor. The latter is defined as
the ratio of the total energy stored in the cavity E divided by the amount lost per cycle. Calling
P the dissipation rate [35], one can derive:
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Ql = 2f  average energy stored
energy loss/second
= 2f  E
P
For every whole cycle T = 2! = 1f , where f = v/, a single photon completes two round-trips
of the /4 cavity, meeting twice the coupler port. It is convenient to introduce the scattering
matrix elements S13 and S23, which represent the voltage transmission respectively between the
channels 3! 1 and 3! 2. Consequently, the dissipation rate of the cavity Pc, exclusively due
to the coupling with an external feedline, can be written as the sum [27]:8<:Pc = 2fE  (jS13j2 + jS23j2) = 4fE  jS13j2S13 = S23
It is possible to decompose the losses due to the external feedline and due to intrinsic absorption
by introducing the coupling quality factor Qc and the internal (or intrinsic) quality factor Qi.
They are related to the loading quality factor Ql by:
Q 1l = Q
 1
c +Q
 1
i
By Assuming Qc  105 and Qi  2 105, it results Ql  6:6 104, which determines a decay-time
of the cavity with f  5GHz in the order of   4s.
It is possible to link the two the coupling quality factor with the coupling capacitance [30]:
Qc =
1
8Z2o
 1
(fCc)2
where Z0 is the impedance of the resonator.
However, for providing a good fit of the resonances, Qc has to be in the same order of magnitude
of Qi. The latter is mainly determined by the physical absorption of the dielectric environment,
which depends on temperature, on power and on magnetic fields. These aspects will be largely
discussed in this thesis.
By definition, the coupling coefficient g is introduced as:
g =
Qi
Qc
This can lead in distinguishing among three regimes [35]:
• g < 1: the resonator is undercoupled to the feedline;
• g = 1: the resonator is critically coupled to the feedline;
• g > 1: the resonator is overcoupled to the feedline;
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The pursuit for the ideal situation of Qi  Qc at the single-photon-regime will be an important
aspect of this thesis.
2.3.5 Microwave response of a /4 resonator
The RF current, stimulated by a oscillating voltage  ei2f , is governed by the impedance of the
system at that frequency. For an infinite long lumped element, Ohm’s law assumes a complex
form described by [35]: 8<:I(t; f) =
V (t;f)
Z0(f)
Z0(f) =
q
R+i2fL
G+i2fC
where:
• R : series resistance per unit length in fOhm/meterg;
• L: series inductance per unit length in fHenry/meterg;
• G: shunt conductance per unit length in fSiemens/meterg;
• C: shunt capacitance per unit length in fFarad/meterg.
For a /4 short-to-ground circuit with length l, the input impedance becomes:
Zin = Z0  tanh(l)
where the propagation constant is defined by:
 = + i =
p
(R+ i2fL)  (G+ i2fC)
By inserting the last definition in Zin and applying some trigonometric identities, one can obtain:
Zin = Z0  1  i  tan(l)cot(l)
tan(l)  i  cot(l)
For a line supporting TEM mode with l = /4 and f0 = v/ = c/
p
, it is possible to derive,
by replacing f = f0 +f , that:
l =
2f
v
 l = 2
v
(f0 +f)  
4
=

2
+

2
 f
f0
Therefore, near the resonance f/f0  1, with the assumption l  1, the input impedance
assumes the form of:
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Zin ' Z0 
1 + i  lf2f0
l + i  f2f0
' Z0
l + i  f2f0
This is equivalent to the impedance of an analogous parallel RLC circuit:
Zeq =
1
1/Req + i  2Ceq  2f
assigning:
• Req = Z0l
• Ceq = 42f0Zo
• Leq = 1(2f0)2C
For a RLC circuit, the intrinsic quality factor is formally denoted as:
QRLCi = 2f0ReqCeq
which for the distributed circuits discussed above with l = /4, after the substitutions, it
corresponds to:
Qi =

2l
=

2
The resonator is a shorted strip which is also coupled to the feedline via a coupling capacitance
Cc. Therefore, the traveling wave between port 1 and 2 sees a total impedance, which is the
sum of the input impedance of the resonator and the capacitive reactance:
Z =
1
i  2fCc + Zin
The resonance occurs when the imaginary part of the total impedance vanishes: Im(Z(fres)) =
0. Hence, the presence of a coupled feedline causes a lower resonant frequency fres with respect
to the unloaded resonator by a term proportional to Cc:
fres   f0 '  4Z0f20Cc
The relative variation can also be expressed as:
fres   f0
f0
'  
r
2
Qc
For Qc = 105 and f0 = 6GHz, it emerges fres   f0   15MHz.
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In conclusion, by using the definitions of Qi(; ) and Cc(Qc) and by assuming fres ' f0, one
can approximate the total impedance near resonance as:8<:Z = 116ZoQi(f0Cc)2  (1 + i  2Qi
f
f0
)
f = f   f0
The forward scattering matrix element S21 for a shunt impedance is [30]:
S21 =
1
1 + 12
Z0
Z
At resonance (f = 0), the signal is maximally absorbed in port 3. S21 is real (S21 = jS21j),
shows a minimum, which can be linked to the quality factors:
Smin21 =
Qc
Qc +Qi
By recalling the definition of loaded quality factor Ql = QiQc/(Qi+Qc) and Smin21 , the scattering
matrix S21, at the first order in f , is expressed by [27]:
S21 =
Smin21 + i  2Qlf/f0
1 + i  2Qlf/f0
2.3.6 Loss phenomena
Intrinsic losses of microwave superconducting resonators are mapped in to the internal quality
factor. Therefore, the analysis of the temperature dependence of Qi(T ), together with the study
of the frequency shift f(T )/f , is used to investigate the origin of losses.
At low temperature (T  Tc), the dominant loss source is constituted by dielectric absorption,
which mostly occurs at the interfaces substrate-superconductor and substrate-vacuum [34]. The
use of a very clean and controlled dielectric environment is mandatory for realising high-Q
resonators. Microwave electrical field continuously displaces charge in one direction and then in
the other, causing dissipation by exciting the defects in the dielectric [29].
Several solutions have been proposed to reduce the dielectric environment, where the electrical
field is intense. For example, a deep-reactive ion etch can be performed to eliminate the sub-
strate near the edge of the resonators [30, 36] and surface treatments can be applied to remove
substrate-to-oxygen bonds (i.e. Si-O) at the dielectric surface, before depositing the film. Both
strongly decrease the density of the two levels systems which can couple to the radiation [36].
The optimisation of the geometry of the resonator (width w and gap g) is also necessary for
reducing the radiation to the environment, as the resonator also acts as an antenna. The
radiation loss of a /4 resonator lying on a semi-infinite dielectric substrate can be expressed
by [30, 37]:
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Qrad =
0
Zo
(1 + )2
2
5
2
1
I 0(; n)
1
n  12
(
l
S
)2
where:
• I 0( = 10; n = 1) ' 1:62, where n is used to specify the mode number in the cavity, at the
fundamental tone n = 1, and  is the dielectric constant,  ' 10 for sapphire substrate;
• 0 = 377
 is the impedance of the free-space (0 = jEjjHj = 0c =
q
0
0
);
• Z0 is the impedance of the resonator;
• l is the length of the resonator;
• S = 2g + w;
The equation shows that high impedance of the resonator increases the radiative losses to the
environment. The factor l/S depends on the targeting of the frequency and, normally, l  S.
By making the numeric substitutions, one can obtain:
Qrad ' 280  l
2
Z0(w + 2g)2
In this thesis, for a resonator patterned from 22nm-NbTiN thickness film on pure sapphire,
with l = 2:76mm, w = 8m and g = 1m, the impedance is Z0 ' 80
 and one can calculate
Qrad  2:6  105. Theoretically, it appears to play an important role in the upper-limit of the
internal quality factor. This aspect looks contradictory to the results reported in this thesis,
which do not show a strong a limitation due to radiation.
Another phenomenon is the dissipation caused by presence of excited quasiparticles nqp p
Te 

kT in the superconductor. Subjected by electrical field, they behave as normal elec-
trons comporting a non-infinite 1. The analysis of the temperature dependence will show that
quasiparticle losses dominate on the other loss-mechanisms only for T & 110Tc, leading to a
considerable decrease in quality factors above  1K.
In conclusion, losses due to the magnetic field presence have to been considered. Free vortices,
which interact with microwave currents, produce dissipation due to Lorentz force for frequencies
above the depinning frequency, as discussed in Sect. 2.1.2.
All the contributions are mostly independent one from the other, and they limit the global
intrinsic quality factor, giving [29]:
1
Qi
=
1
QTLS
+
1
Qdiel
+
1
Qrad
+
1
QQPs
+
1
Qv
+ :::
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2.3.7 Resonators in an applied magnetic field
As discussed in Sect. 2.1.3, coplanar wave guides made with type-2 superconductors host vortices
for very small applied magnetic fields (B  1T ).
However, very narrow superconducting strips can be realised, strongly reducing the losses linked
to applied magnetic field. The probability of vortex nucleation, in fact scales as w 2 (where w
is the width of the strip)[22]. By taking advantage of the geometry, Samkharadze et al. [38]
developed NbTiN nanowire-resonators, working up to Bjj  6T and to B?  0:3T (in-plane
and out-of-plane magnetic fields).
Previously, Song [19] studied the responses of Qv(B) and f(B)/f of Al and Re CPW-resonators
finding a strong correlation between vortices and the internal losses. A relevant broadening of
the resonances for B  0:1mT was observed. He also found the depinning frequencies in the two
materials (without vortex pinning sites in the resonators), which are respectively fRed  20GHz
and fAld  4GHz, revealing that the natural pinning mechanisms occur more strongly in the
Re films than Al.
In this thesis, coplanar wave guide resonators, surviving at high parallel high field (up to 5:5T ),
will be discussed. This will be achieved by introducing artificial pinning sites in both the
superconducting strips and in the ground plane.
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3 Experiment
3.1 Optimisation of the deposition of NbTiN
3.1.1 Choice of the material
Superconducting NbTiN has become the standard material in the field of Majorana physics as
well as in the field of superconducting qubits and kinetic inductance detectors. This super-
conductor exhibits a relatively high Tc (Tc  14K), excellent properties at high magnetic field
(Bc2 > 10T ) and does not suffer from oxidation as much as other magnetic field-compatible
superconductors.
NbTiN is deposited by means of DC reactive magnetron sputtering from a NbTi target in an
argon/nitrogen plasma, in which several parameters can be tuned to achieve desired properties
like resistivity, critical temperature or stress (typically not independently). The processes are
reproducible if the machine is kept under strict control, maintained properly and the chamber
rarely vented.
Despite the tunability and the stability of the processes, obtaining high-quality sputtered films
is a challenge. The pursued parameters depend on the application of the films. For instance,
NbTiN for THz detection require low resistivity, while, for the realisation of microwave res-
onators, the dependence of Qi with respect to resistivity, critical temperature and stress is still
not known. However, the highest possible Tc is always pursued to decrease the presence of
excited quasiparticles in the superconducting phase.
NbTiN belongs to the class of nitrides, which are well-known for their hardness and high-
melting point. Their defect structure represents a characteristic feature and it is of fundamental
importance to understand the relation between the transport properties and the distribution of
vacancies, voids etc. [39].
Ideal stoichiometry is broken by the presence of vacancies, due to the lack of one compound.
Nitrogen atoms, which are smaller than Nb and Ti ones, prefer to occupy interstitial positions
in the metallic arrangement, as represented in Fig. 3.1. The typical lattice structure of nitrides
made with transition metals (NbN, NbTiN, NbZrN...), which show Tc  10K, is an octahedral
grouping of metal atoms around nitrogen ones [39]. Sputtered NbTiN is organised in a grainy
structure with a typical size of a few nanometers.
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Figure 3.1: Structure of an ideal nitrate compound, taken from ref. [39]: the nitrogen atoms occupy
interstitial positions in the arrangement of the metallic ions. The global lattice, in absence of vacancies,
is an octahedral polyhedron.
3.1.2 Reactive Magnetron Sputtering of NbTiN
NbTiN films discussed in this thesis were deposited in the sputtering machine SuperAJA ATC
1800 from AJA. An image of the sputtering chamber is reported in Fig. 3.2.
The background pressure in the chamber can reach values in the order of  10 9 Torr and the
purity of the reactive gases (as argon and nitrogen) is 99:999%. Both the process pressure and
the gas flow can be separately varied to achieve the optimal conditions for a stable plasma.
Two NbTi (Nb 70%, Ti 30%) targets were used with purity 99:95% and 99:99% respectively.
During the deposition, the sample-holder (placed 25 cm above the target), can rotate to obtain
uniform films.
Many parameters influence the quality of the films and an optimisation over all of them is a non
trivial task:
• Power of the plasma;
• Distance target-sample;
• Process pressure;
• Sputtering time;
• Pre-sputtering time;
• Argon and nitrogen flow;
• Sample holder temperature;
• Bias voltage between target and sample;
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sample holder
plasma
NbTi target
Figure 3.2: Sputtering chamber: several targets are placed in the bottom (NbTi, Nb, Ti, Al), while
the sample is held on the sample-holder above. Each target can be closed with a shutter. In pink, the
plasma of nitrogen and argon.
• Target and gases purity.
3.1.3 Film quality characterisation
At the time of this optimisation cycle, some parameters were already optimised, while others
needed to be investigated.
For every deposition, the setting of the sputtering machine were varied, in order to measure the
resistivity, thickness, stress and critical temperature. Each deposition corresponded to a film on
2 inch-wafer silicon. In this characterisation, more than 30 wafers were sputtered.
Thickness measurement
Before sputtering, the name of the sample was written on the substrate by using a marker-
pen. After the deposition, lift-off via ultrasonic bath in acetone was performed to remove the
superconductor deposited above the marker sign. The profilometer was used to measure the
height-step between the film and the bare substrate, with a resolution of few nanometers.
Stress measurement
Before and after the deposition, the curvature of the surface was measured by using the stress
meter Tencor FLX-2320. This recorded the curvature radius of the substrate before (R1) and
after the deposition (R2). Intrinsic and thermal stress of the metal causes a variation in the
curvature of the surface. From the elastic properties of the substrate, the average stress  in
fPascalg can be calculated:
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 =
Eh2
(1  v)6Rt
where:
• E1 v is the biaxial elastic modulus in fPascalg of the substrate ;
• h represents the thickness in fmeterg of the substrate;
• t is the thickness in fmeterg of the deposited metal;
• R 1 = R 11  R 12 in fmeter 1g;
Resistivity
The film resistance R was measured immediately after the deposition ( 2min) at the center
of the wafer, where it reaches the minimum.
4-points probe technique was used to measure the resistance R: two electrodes applies a current,
and the voltage is measured in between by other two electrodes. Then, the sheet resistance Rs
of an ideal infinite film can be derived by:
Rs = R  
log(2)
where the factor /log(2) accounts that the real measurement involves a finite surface. For
further details on sheet resistance measurements, the reader is referred to ref. [40].
Eventually, the resistivity was derived by:
 = Rst
where t is the thickness of the film.
Superconducting transition temperature measurement
Small pieces from the central part of each film were diced in order to measure the critical
temperature.
Each cool-down allowed to measure a maximum of four samples, which were bonded in a
PCBoard and connected to the electronic setup. The PCBoard was then placed in a cop-
per case, which was then dipped in a dewar of He4. By using the 4-points probe technique, the
resistance of the film was measured as a function of the temperature of the sample - R(T ).
A Lakeshore 340 heater was used to control the temperature, by setting ramp-rate in the order of
0:2 0:5K/min. The step in the trend of the resistance was observed when the superconducting
transition occurred. The heater, the thermometer and the sample were physically separated by
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 5 cm, therefore R(T ) showed hysteresis. The average of the critical temperatures measured
in the forward trace (while heating the sample from 4K to 16K) and in the backward trace
(cooling down the sample) was used to determine the final one.
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3.2 Development and characterisation of Al/AlN/NbTiN Josephson
junctions
Historical standard Al/AlO/Al Josephson junctions are very reproducible and ensure high yield
and reproducibility, but the presence of aluminum as electrode makes them not resilient to
high magnetic field. By decreasing aluminum thickness, parallel critical magnetic field can be
enhanced, as discussed in Sect. 2.1.1.
However, the growth of very homogeneous and thin Al layer is a challenge. The limit is set by
the grainy-structure that the Al assumes when evaporated on a substrate at room temperature.
Homogeneous ultra-thin films (t  5nm) can be evaporated if the substrate is cooled at lower
temperature, but this was not the case.
Junctions discussed in this thesis had bottom electrodes made from ultra-thin aluminum, with
thickness  7  9nm, providing a magnetic field resilience up to  2T .
The counter electrodes were made from NbTiN, 100nm-thickness. Critical magnetic field for
such films is above 10T .
AlN was chosen as dielectric as it grows easily on the bottom Al electrode and can be deposited
in the same chamber in which the NbTiN sputtering occurs.
In principle, this structure has all the features to work at high-B, but has the disadvantage that
not all the layers depositions occur in situ. Vacuum must be broken after the evaporation of the
Al layer to define by lithography the top-electrode pattern, which is sputtered a second time.
In the sputtering machine, Al bottom electrodes are argon-etched to remove the native oxide
due to the exposure to the atmosphere. This technique does not leave a smooth interface, and
the roughness of the surface plays a negative role in the attempt of realising a homogeneous
barrier.
3.2.1 Nanofabrication
Each chip (Fig. 3.3) contained 30 Josephson junctions with different area (5050; 7575; 100
100; 150  150; 200  200; 300  300nm2). The barrier thickness was tuned by varying the
dielectric deposition time. Therefore, each chip had a constant barrier thickness. Thicknesses
of the two superconductors were kept constant during the whole work: tAl = 7   9nm and
tNbTiN = 100nm.
Junctions discussed in this thesis are fabricated as follows:
1. An e-beam lithography step defines the bottom Al electrodes on 16 chips residing on a
single silicon substrate;
2. Thin-aluminum is evaporated;
3. Lift-off with Acetone at 50°C leaves the Al on the patterned electrodes;
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Figure 3.3: Optical images of one chip containing 30 Josephson junctions with their own bonding pads,
required for the 4-points measurement: in (a), the view of the sample before depositing the barrier
and the top-electrode; in pink the aluminum strip and bottom electrodes, in blue the bare substrate
revealed by the pattern of the top electrodes, in green the resist layer; in (b), the completed sample:
light regions correspond to NbTiN, while the substrate is shown in purple. Aluminum strips and pads
are also reinforced with NbTiN.
AlNbTiN
junction 
size
Si substrate
Figure 3.4: SEM images of Al/AlN/NbTiN Josephson junction. On the right side, the bottom alu-
minum electrode in contact with the narrow strip of NbTiN. The insulating thin layer of AlN in between
is not visible. The area of the junction is defined by the overlap of the two electrodes.
36
4. A second e-beam lithography step defines the junction areas and the top electrodes;
5. The silicon wafer is diced and each of the 16 chips can be processed separately;
6. In the sputtering machine, argon-etching is used to clean the bottom Al electrodes, re-
moving the native oxides from the surface (P = 100W , fluxAr = 50 sccm, P = 3mTorr;
t = 150 s);
7. Without breaking the vacuum of the chamber, the barrier is deposited: Al is sputtered in
a nitrogen and argon plasma. Three different recipes were used for this purpose:
• Recipe A.1: P = 200W , fluxAr = 50 sccm, fluxN2 = 35 sccm, P = 3mTorr;
• Recipe A.2: P = 200W , fluxAr = 50 sccm, fluxN2 = 20 sccm, P = 3mTorr;
• Recipe B: P = 40W , fluxAr = 50 sccm, fluxN2 = 5 sccm, P = 3mTorr;
8. NbTiN is sputtered in situ to make the top electrodes and to reinforce the Al strips
(P = 250W , fluxAr = 50 sccm, fluxN2 = 3:5 sccm, P = 2:5mTorr, t = 250 s);
9. Lift-off with acetone at 50°C for several hours removes the excess of NbTiN.
A SEM image of a completed Josephson junction is presented in Fig. 3.4.
3.2.2 Measurement setups
Probe station
Once the fabrication was completed, the room temperature resistance Rn of the junctions was
measured at the probe-station. Current was passed through the barrier by using two needles
as electrodes on the bond pads. The voltage drop along the line was recorded (2-points probe).
Although the measurement is not very accurate as the resistance of all the circuit is measured
(not only the resistance of the junction), this method allowed to qualitatively investigate the
yield and the reproducibility of the fabrication process.
Low-temperature measurement
The chips were glued and wire-bonded to a PCB. Small junctions are electrostatically sensitive,
therefore emphasis was placed in grounding them via a grounding-strip or other links to ground.
The samples were cooled down to 100 300mK, according to the capability of the fridge, encased
with copper-shielding. The copper was used to control the microwave environment, preventing
heat-exchange via irradiation with warmer parts of the fridge.
In order to connect as many junctions possible to the few lines of the fridge, it was often
preferred to measure using the 2-point technique, voltage biasing the junctions. In this case,
the resistance of the junctions (10K
   10M
) was higher than the resistance of the lines of
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the fridge (5K
), which was eventually taken into account in the evaluation of the data, when
calculating the voltage drop Vj across the junction.
In the voltage-bias setup shown in Fig. 3.5a, a voltage source was used to bias the junctions in
the range of Vapp  5mV and a low-noise current-measurement module was exploited to convert
the current to an amplified voltage signal, which was eventually read by a Keithley.
In the current bias setup depicted in Fig. 3.5b, the 4-point technique was exploited: a current
source was used and a voltage-measurement module was placed to measure the voltage drop
across the junctions.
Both fridges used in this experiment, Fristi and V ector Janis, were equipped with high-field
magnets, which allowed to apply magnetic field up to 9T with an accuracy in the alignment of
 10°.
V source
R
Junction
A
Current measurement
Fridge
(a)
I source
Rin
Rin
Rout
Rout
Junction
Voltage
measurement
Fridge
V
(b)
Figure 3.5: Voltage-bias and current-bias setups.
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3.3 Fabrication and characterisation of high-Q magnetic field resilient
superconducting resonators
Best performing high-Q 2D microwave resonators are realised by using thin films of NbTiN on
passivated silicon substrates [36]. In this thesis, sapphire substrates (Al2O3)were used. They
are significantly less brittle than silicon, act as a good etch-stop and have a very small loss
tangent (tan() ' 10 6) [41].
Strong care is taken to acid-clean the substrate, immediately before the deposition of NbTiN,
as two level systems mostly reside at the interfaces of the dielectric [34]. Knowledge of super-
conducting properties of the material, especially the kinetic inductance, is required in order to
correctly target the frequency of the resonances.
3.3.1 Film thicknesses
To better understand the role of parallel magnetic field on superconducting resonators, the film
thicknesses were varied.
In achieving the above, both the following concepts were considered. First, superconducting
properties, as critical temperature, are suppressed if the thickness of the film is lower than the
coherence length . Secondly, the characteristic outer diameter of a vortex is in the order of the
penetration depth . Therefore, for reducing the penetration of vortices parallel to the plane,
NbTiN layers with  < t <  were chosen with thicknesses: 8; 22; 100; 300nm.
3.3.2 Parameters of the design
The heterodyne-setup used in the microwave detection is optimised for working in a frequency
range from 3:5GHz to 8GHz and with standard input impedance of 50
. Devices discussed
in this thesis hosted a few resonators, in the hanger geometry, capacitively coupled to a single
feedline. The latter allowed a multiplexed measurement of multiple resonances.
Impedance of the feedline and frequency targeting
In each device, the feedline was designed with Zfeedline =
q
Lg+Lk
C = 50
 to prevent impedance
mismatching along the transmission line.
Several resonators with different resonant frequency f = 1
4l
p
(Lg+Lk)C
were capacitively coupled
to a single feedline . For the calculation of capacitance, of geometric inductance and kinetic
inductance, equations discussed in Sect. 2.3.2 were used.
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feedline
coupler length
resonator
Figure 3.6: Coupler between one resonator and the feedline.
Design of the couplers
The critically coupled regime (Qc = Qi) is the condition, which minimises the standard devia-
tions of the fitted parameters Qi and Qc, as discussed in Sect. 2.3.4. In achieving the above, an
appropriate choice of coupling capacitance Cc was pursued.
As internal quality factors depend on experimental circumstances (i.e. magnetic field, tem-
perature, power) and on cleanliness of sample surface, the couplers were designed such that
Qc  Qi was achieved in most cases. As most of measurements involved low power (np  1)
and low-temperature (T  20mK), the condition 8  104 < Qc < 3  105 was targeted.
In doing this, the width of the ground strip between the resonator was kept constant (2m),
while the coupling elbow length (Fig. 3.6) was varied.
3.3.3 Nanofabrication
Nanofabrication of superconducting resonators is as follows:
1. Nitric acid is used to acid-clean the sapphire substrates;
2. NbTiN is sputtered on the whole wafer immediately after the cleaning (P = 250W ,
fluxAr = 50 sccm, fluxN2 = 3:5 sccm, p = 2:5mTorr, room temperature);
3. A first e-beam lithography step defines the pattern of ordered series of markers across the
film, which will be used as reference points for the alignment of the pattern containing the
resonators;
4. Titanium (5nm) and gold (65nm) are evaporated;
5. Lift-off with acetone leaves metals only on the markers;
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Figure 3.7: Sample glued and connected to a PCBoard suitable for microwave transmission measure-
ments. The PCB lies on a copper plane.
6. The whole wafer is diced giving many chips, which can be processed separately;
7. On a single chip, the design containing the feedline and the resonators is patterned via a
second e-beam lithography step;
8. By reactive-ion-etching (with O2 and SF6, p = 7b), NbTiN is removed and all the features
are defined in the chip;
9. The sample is diced, resulting in two copies of the same pattern, and then cleaned with
PRS at 80°C.
3.3.4 Microwave detection setup
Samples were cooled down to T ' 20mK in a cryofree dilution refrigerator (Oxford Instru-
ments), which is equipped with a 3-dimensional vector magnet, capable of achieving a maximum
of 6T in the z^ direction and 1T along x^ and y^.
Preparation of the sample
The process that is here illustrated was iterated equally for all samples.
First, the sample was glued on a PCB using Apiezon grease. It was then wire-bonded connecting
the terminations of the feedline to the transmission line of the PCB (Fig. 3.7). Several wire-
bonds were made from the ground plane of the sample to the PCB ground plane, allowing a
better equalisation of the chip ground plane (Fig. 3.8). The PCB was mounted on a copper
plate and microwave cables linked to the connectors. An infrared tight brass was used to encase
the whole system. It was then loaded into the mixing chamber of the fridge.
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Figure 3.8: Optical image in dark-field of a sample bonded to the PCBoard: the feedline and the
ground plane of the sample are connected to the transmission line and to the ground plane of the PCB.
Figure 3.9: A mixer is used for frequency down-converting, image taken from ref.[35].
Heterodyne detection
Commercially available GHz detectors are expensive, as the evolution of microwave signal occurs
in time scales (f 1 < 1ns) much shorter than the time needed for an adequate sampling.
Therefore, heterodyne measurement is performed to overcome this limit. This technique uses IQ-
mixers to down-convert the original GHz signal to a measurable bandwidth at lower frequency.
A mixer is a non-linear device, which mixes two signals: a local oscillator LO with frequency
fLO and a radio frequency RF with frequency fRF . The mixer outputs are the signals I and Q,
both containing the side-band terms fRF  fLO, called the intermediate frequencies [35]:
vIF (t) = KvRF (t)vLO(t) = Kcos(2fRF )  cos(2fLO)
vIF (t) =
K
2
[cos(2(fRF   fLO)) + cos(2(fRF + fLO))]
The second term fRF + fLO is normally averaged to zero during sampling, while the first one
containing fRF   fLO plays an important role for processing (Fig. 3.9). In this experiment, the
intermediate frequency was chosen to be fRF   fLO = 1MHz.
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The response of the sample is analysed by comparing a reference signal and a probe signal. The
former remains at room temperature (RT), while the latter carries the physical information from
the sample.
The signals LO and RF are produced by two commercial microwave generators (Agilent Tech-
nologies E8267C) and both are equally split in a probe and a reference component. The RF
probe is sent through the refrigerator lines, is attenuated at different temperature stages, and
interacts with the sample, as depicted in the left side of Fig. 3.10. It is then amplified and
mixed with the LO probe. From this combination, the I probe signal at low-frequency (1MHz)
is generated and processed. Contrary to the I probe, the I reference is originated by mixing the
LO reference and the RF reference.
Both the signals I probe and I reference are further amplified (Standford Research System
SR445A) and acquired via a fast acquisition card (ATS9860, 1Gs/s). The amplitude and the
phase difference between the two are used to reconstruct the sample response.
The setup also contains DC blocks, to prevent the propagation of low-frequency signals. An
isolator and a circulator are placed at the output of the sample, to avoid noise propagation from
the amplifier to the sample.
At the input line of the fridge, attenuation of the RF reference is applied in more stages. At room
temperature, both manual attenuators (   40 dB) and a variable attenuator at RT (AeroFlex
8320 Series, range: 0 to  60 dB) were used.
The amplification of the output signal occurs via a cryo-amp at 4K (+37 dB) and at room-
temperature via two amplifiers (+33 dB each). All details are shown in the complete scheme of
the detection setup in Fig. 3.10.
All circuit components (mixers, low-noise amplifiers and attenuators) are calibrated and opti-
mally functioning in the range 3:5   8GHz. The characteristic transmission line across this
range is shown in Fig. 3.11. The transmission jS21j = jVout/Vinj contains also wiggles, which
are experimentally hard to eliminate. These resonances are due to weak impedance mismatch-
ing at the interconnections, which cause Fabry-Perot effect. However, the background near the
resonances is only linearly affected by the phenomenon and this was kept in account in fitting
the resonances.
3.3.5 Resonance fitting
For an ideal resonator, the transmission amplitude S21 displays a dip and a characteristic shift
in the phase near resonance, as discussed in Sect. 2.3.5. However, the response of a real
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Figure 3.10: Schematic of the microwave setup.
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Figure 3.11: Amplitude of the transmission jS21j of the microwave setup with no sample connected.
Oscillations correlated to weak impedance mismatch are present, but they affect linearly the background
near the resonances.
RLC circuit is different, as non-ideal elements (with impedance mismatching) influence the
characteristic resonance lineshape. This becomes asymmetric if ports 1 and 2 have different
impedance (Zin 6= Zout), as depicted in Fig. 3.12 [42].
Asymmetry can be quantified by introducing a complex external quality factor Qe:
Qe = jQeje i
The coupling quality factor Qc is related to Qe by:
Qc =
Qe
cos()
The resonances were fitted by using the function [36]:
sfit21 = A  (1 + 
f   fr
fr
)  (1 
Ql
Qe
1 + 2iQl  f frfr
)  ei(vf+0)
which accounts for the presence of asymmetry, for both an inductive and capacitive coupling
and for a linear slope of the transmission line near resonance. The fitted parameters are:
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Figure 3.12: Influence of Zin 6= Zout in the asymmetry of the dip. Data are simulated by assuming
mismatched coupling lines and fitted returning the parameter . Image taken from ref. [42].
6.269 6.270 6.271 6.272 6.273
f (GHz)
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
|S
2
1
|
(a
.u
) f r = 6.2707 GHz
A = 0.00202
Qi = 5.58·10
5
Qc = 4.70·10
4
= 9 deg
= 77
(a)
fit
data
f r
0.0005 0.0005
Re(s21) (a.u)
0.0000
0.0005
0.0010
0.0015
0.0020
0.0025
Im
(s
2
1
)
(a
.u
)
(b)
Figure 3.13: In panel (a), a characteristic resonance lineshape is shown; in (b) the evolution of complex
transmission S21 in the complex plane. Experimental points are shown as blue circles, in red the best-fit.
Extracted parameters from the best-fit are reported in (a).
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• fr: the resonance frequency;
• A: the amplitude of the transmission off-resonance;
• : the slope of the amplitude of the transmission near the resonance;
• Qe: the complex external quality factor;
• Ql: the loaded quality factor which obeys to Q 1l = Q 1c +Q 1i ;
• 0: an off-set in the phase;
• v: a constant phase propagation due to the length of the cables.
An example is reported in Fig. 3.13, where the best-fit main parameters are presented.
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4 Results
4.1 Optimisation of the deposition of NbTiN
The highest critical temperatures of NbTiN can be reached by optimising the stoichiometry of
the elements within the alloy. This can be achieved by tuning sputtering conditions [39]. All
the parameters that were constant during the optimisation are listed in Tab. 2.
4.1.1 Film quality dependence with respect to sputtering parameters
In this section, the most important film parameters are discussed as a function of sputtering
conditions. The choice of substrate also influences film properties. In the literature, desired
properties - Tc = 14:7K,  = 55
  cm and Tc = 15:2K,  = 78
  cm - were achieved
respectively on MgO and fused quartz substrates, for NbTiN thickness of 150  300nm [43].
In this work, silicon wafers (Si-100) were chosen as substrates, the sputtering time was kept
constant (240 s) and the NbTiN thickness obtained was  60  80nm. The observed variation
in thickness was due to different deposition rates and density of the films.
CONSTANT PARAMETERS
Power of the plasma 250W
Distance target-film 25 cm
Process pressure 2:5mTorr
Sputtering time 240 s
Pre-sputtering time 120 s
Ar flow 50 sccm
Table 2: Constant parameters during the optimisation.
Nitrogen flow at 20 °C and at 320 °C
The dependence of the film properties on the partial pressure of nitrogen are shown in Fig.
4.1. The plots clearly show that optimum nitrogen flow depends on the temperature of the
sample holder. The two trends have the maximum of the critical temperature at two different
N2 flows: at room temperature the highest Tc is reported at 4:5 sccm, while at 320 °C highest
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Figure 4.1: Critical temperature (a), resistivity (b), stress (c) and sputtering rate (d) as a function of
the nitrogen flow in the deposition chamber for sample-holder temperatures of T = 20°C and T = 320°C.
Tc at 6:75 sccm. The mobility of grains of Nb and Ti increases with temperature, and a higher
rate of nitrogen is required to arrive at the optimal stoichiometry. The observations of reducing
resistivity simultaneously with the reduction of NbTiN thickness, lead to the conclusion that
films deposited at higher temperature have higher density, fewer voids and, thus, less internal
defects.
In conclusion, by increasing the nitrogen content embedded in the compound, a shift far from
the metallic regime (low resistivity) was observed. A linear enhancement of the compressive
stress and a reduction of the deposition rate was also observed. It is not clear if this effect is
linked to the enhancement of film density or to a decrease in the growth rate.
Sample-holder temperature
By increasing substrate temperature, a monotonic increase in Tc was expected, due to both
reduction of voids and high film density. However, a non-monotonic trend with maximum Tc
for 250 °C was observed. Thereon, Tc decreases. This can be attributed to the fact that at
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Figure 4.2: Critical temperature (a), resistivity (b), stress (c) and sputtering rate (d) as a function of
the sample-holder temperature (films deposited with nitrogen flow of 4:5 sccm and zero bias voltage).
T  300 °C the nitrogen flow of 4:5 sccm does not result in optimal stoichiometry. From the
experimental data shown in Sect. 4.1.1, it was demonstrated that an optimised nitrogen flow is
required to recover the maximum Tc.
The temperature dependence of all the parameters are shown in Fig. 4.2.
Bias voltage
DC voltage between film and target causes the layers to be bombarded with positive ions during
the formation. Together with high holder temperature, it contributes to a dense deposition
in which the number of voids is strongly decreased. However, high concentration of sputtered
particles causes compressive stress within the film (   2 to  5GPa).
The maximum critical temperature, Tc = 14:08K, was recorded for Vb =  40V . Both these
values are close to the optimal conditions observed in a previous optimisation cycle at room
temperature (Vb =  45V and Tc = 14:02K) [44]. A drop in the resistivity was also observed
at non-zero DC bias voltage ( ' 75
  cm). This phenomenon was attributed to decreasing
void density.
Purity of the target
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Figure 4.3: Critical temperature (a), resistivity (b), stress (c) and sputtering rate (d) as a function
of applied bias voltage between substrate and target (films deposited with nitrogen flow of 6:0 sccm at
T = 320°C).
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Figure 4.4: Critical temperature (a), resistivity (b), stress (c) and sputtering rate (d) as a function of
nitrogen flow for depositions from two different NbTi targets.
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The purity of NbTi target plays a fundamental role in the quality of the films. The properties of
superconductors are negatively influenced overall by the presence of magnetic impurities, such
as iron atoms and other paramagnetic spin systems [45].
In Fig. 4.4, the optimisation of nitrogen flow is shown for room-temperature depositions by
using two different targets. The AJA target has purity of 99:95%, while the ACI target has a
purity of 99:99%. For improving the quality of the films - when the AJA target was eroded by
10% of its total volume, it was replaced by the ACI target. After the target replacement, the
system was baked at  500 °C to degas impurities from the sides of the chamber. As a result
- an increase in Tc by 0:5K was observed. The optimum nitrogen flow changed from 4:5 to
3:5 sccm.
4.1.2 Tc with respect to film thickness
Microwave superconducting resonators were patterned from NbTiN films sputtered on sapphire,
while the optimisation of deposition conditions was performed on silicon substrates. NbTiN
thickness varied from 8nm to 300nm, by tuning the deposition time. NbTiN films discussed in
this section were deposited at room temperature using 4:5 sccm of nitrogen flow and zero bias
voltage.
The dependence of Tc with respect to the thickness is shown in Fig. 4.5. The saturation of the
critical temperature occurs for t > 300nm at  14K.
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Figure 4.5: Superconducting transition temperature dependence on film thickness.
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4.1.3 Effects of annealing
Annealing ( 1000°C) can be used to improve the film quality after the deposition. An increase
of the critical temperature (T annc   Tnon annc  1:5K) was observed, by comparing two chips
deposited simultaneously.
The film analysed was deposited by A. Bruno on a silicon substrate by using the surface treating
described in ref. [36]. Both trends in Fig. 4.6 show the relative variation of film resistance, the
steps represent the transition points.
Figure 4.6: Effect of annealing on the critical temperature of a thin NbTiN film.
Annealing was performed also on a different sample (room-temperature deposition, no bias
voltage, target ACI, nitrogen flow of 4:5 sccm). The critical temperature increased from 13:6K
to 15:7K.
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4.2 Development and characterisation of Al/AlN/NbTiN Josephson
junctions
4.2.1 Quality, thickness and impurities of the dielectric layer of AlN
AlN films were sputtered for 30 minutes on bare silicon wafers by using recipes A.1, A.2 and
B (discussed in Sect. 3.2.1). The thicknesses of the films were then measured to determine the
deposition rates. The results are listed in Tab. 3.
AlN recipe Deposition rate (nm/min)
A.1 1:33
A.2 1:33
B 0:75
Table 3: AlN deposition rates.
XPS analysis of the AlN films deposited with recipes A.1 and A.2
XPS analyses were performed2 to investigate the impurities embedded in the AlN layers, which
negatively affect the reproducibility, yield and supercurrent homogeneity of Josephson junctions
made by sputtering. Two AlN films deposited using recipe A.1 and A.2 were investigated after
the deposition ( 1   2 hours); in this time, oxygen and other impurities could bind to the
surface polluting the first atomic layers. In the XPS chamber, argon plasma can be used to do
a controlled etch for inspecting parts less contaminated by atmospheric agents. However, it is
not clear whether the etched contaminated parts are pumped out or if removed-oxygen atoms
can bind again to the AlN and are re-detected by XPS.
From the XPS analyses, the relative quantity of elements within the compound were obtained.
In Fig. 4.7, the fraction of main components (Al, N and O) are plotted as a function of the
etching time in the XPS chamber. The etching rate in the XPS had been estimated as 1nm/min.
Other than these elements, iron and carbon were mostly found on the surface (2:6% and 4:1%);
after 600 s of etching, these values decreased to 0:6% and 0:06%.
At the time of drafting this thesis, no XPS analysis had been performed on AlN films deposited
using recipe B.
2XPS analyses performed by E. van Veldhoven, TNO.
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Figure 4.7: Content of aluminum, nitrogen and oxygen measured with XPS as a function of the etching
time: (a) the deposition using recipe A.1 and (b) recipe A.2. No significant differences between the two
emerge. The etching rate in the XPS had been estimated as  1nm/min.
The ratio Al:N was  1:14 in the bulk and  1:3 on the surface for both films, and no substantial
differences were observed between the composition given by recipe A.1 and A.2. However, a
significant amount of oxygen is hosted in both AlN layers. The presence ( 10%) of oxygen
even after 600 s of etching can be attributed to three reasons:
• the removed superficial oxide layer is remaining in the chamber and the XPS signal detects
it;
• the films naturally include oxygen from the background of the sputtering machine;
• the eroded aluminum target was strongly oxidised.
After this analysis, purifiers were installed on the nitrogen lines of SuperAJA to reduce the
contamination. A new aluminum target was installed and the oxygen content reduced by  5
times 3. After these changes, recipe B was optimised.
4.2.2 Dependence of the normal state resistance and theoretical Josephson energy
with respect to AlN thickness
An approximate relation between sputtering time and thickness of the AlN layer was obtained
(Tab. 3) by assuming a constant sputtering rate. For ultra-thin layers ( 0:5nm), this assump-
tion is not valid, as the AlN growth is not linear in the first stage of the nucleation. The trend
of the normal state resistance for junctions deposited with recipe A.1 was recorded with respect
3Analyses performed by F. van Riggelen and E. van Veldhoven, TNO.
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Figure 4.8: Normal resistance and evaluated Josephson energy for junctions deposited with recipe A.1.
Devices with different barrier thickness had been deposited and probed. Each device hosted 30 junctions
divided in 6 sets with same area. The areas spanned from 50  50nm2 to 300  300nm2. The error
bars represent the standard deviation Rn of junctions with the same area. Junctions with side 50nm
and 75nm rarely work. The variability Rn/ Rn for the other sizes was typically above  20%.
to the evaluated thickness (Fig. 4.8a), indicating that the first atomic layers nucleate slower
than usual.
At room temperature, Al/AlN/NbTiN junctions behave like normal resistors in which the con-
ductance decreases exponentially with the thickness of the barrier.
For an asymmetric Josephson junction, the Josephson energy Ej can be obtained from [46]:
Ej =
~
2e2
1
Rn
K(
r
1  1
2
)
where K(x) is the complete elliptic integral of the first kind and assuming 1 = Al = 0:2meV
and 2 = NbTiN = 1:6meV .
The standard deviation of the experimental values in Fig. 4.8 is considerable for junctions with
small area and thin dielectric, as edge effects and in-homogeneity play a prominent role. This
effect is also presented in Fig. 4.9, where the quantity Rn A is shown as a function of the width
of the junctions. For homogeneous barrier, Rn  A is independent of the size of the junction
and it is enhanced by increasing the barrier thickness. Each data point represents the averaged
value of the measurement of a statistical ensemble comprising 3  5 junctions.
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Figure 4.9: Product Rn A as a function of the size of the junctions deposited with recipe A.1 and for
various barrier thicknesses.
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Figure 4.10: Normal resistance and evaluated Josephson energy for junctions deposited with recipe B.
In order to have low resistance and large critical current with recipe A.1, one should realise very
thin barriers ( 1nm). It will be shown that junctions grown with thickness in the order of
0:5nm and 1nm with recipe A.1 are characterised by non-homogeneous barriers and, therefore,
not reproducible. The variability Rn/Rn was found to be always above 20%.
At this point, recipe B was developed and the observed normal resistance was three orders
of magnitude lower than recipe A.1. By depositing  3:9nm of AlN (310 s of sputtering), a
variability of the normal resistance of  5   7% was achieved for junctions with largest area
(200 200 and 300 300nm2). The results are shown in Fig. 4.10.
4.2.3 Features of IV traces at zero magnetic field
In this section, the results of the measurements at low-temperature and zero magnetic field
are reported. Junctions sputtered with recipes A.1 and B are discussed separately, as different
behaviours were observed.
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Junctions deposited with recipe A.1
Junctions were current biased in absence of magnetic field. Two characteristic IV traces of
current-biased junctions made with recipe A.1 are shown in Fig. 4.11. The correspondent
thickness of AlN barrier was  0:5nm.
Considering that product IcRn is reasonably constant, but Rn  A varied by a factor of  3, it
it was concluded that AlN barriers (grown by recipe A.1) are extremely in-homogeneous.
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Figure 4.11: Current biased Josephson junctions at T = 100mK. The supercurrent is greater in the
smaller junction due to in-homogeneous barriers.
Junctions deposited with recipe B
A device fabricated using recipe B with barrier thickness  3:1nm was cooled down. Forward
and backward traces were measured by current biasing the junctions. Critical currents in the
order of  2 5A for junctions with size 200200nm2 and  8 11A in case of 300300nm2
were observed. An improvement in the critical current density by three orders of magnitudes was
reported compared to junctions fabricated by using recipe A.1. IV traces showed a prominent
hysteresis, as predicted by the RCSJ model discussed in Sect. 2.2.1 for underdamped junctions
(Q > 1).
The largest area junctions have similar Rn A products; this signifies a more homogeneous barrier
with respect to junctions realised with recipe A.1. However, the product Ic  Rn, albeit, much
higher compared to recipe A.1, still shows high spread - indicating that the variation could be
attributed to causes other than in-homogeneous barriers. The product of Rn  A for lower area
junctions also shows a similar trend.
From the above observations, it can be inferred that an alternative fabrication procedure has to
be adopted especially for low area junctions in order to make them more reproducible.
The results of the measurement at T = 300mK of the junctions with 3:1nm thick-AlN barriers
are reported in Fig. 4.12.
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Figure 4.12: IV traces of junctions with tAlN  3:1nm at T = 300mK. Critical currents between
2:2A and 10:5A were observed, corresponding to current density in the order of  6  13KA/cm2.
4.2.4 Performances at high parallel magnetic field
Junctions deposited with recipe A.1
A parallel magnetic field was applied to the junctions, as shown in Fig. 4.13. Two different
dilution refrigerators were used for the measurements. While one had uni-directional magnet,
the other had bi-directional magnet. Both setups did not allow accurate alignment of the field
to the plane of the film ( 10°). This work shows the resilience at high magnetic field of these
devices.
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Figure 4.13: Schematic of the applied magnetic field applied to Josephson junction.
Voltage biasing the junctions up to Bz  2T allowed to study the trend of the superconducting
gap  = NbTiN+Al as a function of the parallel field. The differential conductance of devices
with tunnel barrier thickness  0:5nm and  1nm is reported in Fig. 4.14. In the former,
supercurrent ( nA) were detected up to Bz  1:8T - a regime beyond which the aluminum
transitions to normal state. In the case of barrier thickness  1nm, supercurrent was observed
only in the case of largest area (300  300nm2) junctions. Most of the measurements showed
a jump in the width of the gap occurring for 0:5T < Bz < 1:0T , the origin of which is still
unclear.
Two junctions with tAlN  0:5nm were current biased at an applied parallel magnetic field. For
ideal and uniform junctions, effect of magnetic field on the critical current results in a Fraunhofer
pattern, where the central lobe has width in magnetic field which is double when compared to
the side-lobes. However, these measurements showed the central lobe to have similar width as
that of the side lobes (Fig. 4.15). Since a perfect Fraunhofer pattern is the hallmark of the DC
Josephson effect, the observed ambiguity in magnetic interference patterns suggests that these
junctions are not ideal.
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Figure 4.14: Color plot of differential conductance as a function of parallel magnetic field for junctions
deposited with recipe A.1: (a) and (b) refer to junctions with barrier thickness  0:5nm, while (c)
and (d) to barrier thickness  1nm. In (a), (b) and (c), the peak at zero bias voltage represent the
supercurrent, which was observed up to B  1:6T . In (d), no supercurrent was detected.
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Figure 4.15: Supercurrent modulation due to an applied magnetic field for junctions deposited with
recipe A.1. The pattern is far from an ideal Fraunhofer, due to in-homogeneous supercurrent density
across the junctions. Supercurrent stops flowing when Al ceases to be superconducting at B ' 1:8T .
Junctions deposited with recipe B
Junctions deposited with recipe B with tAlN  3:1nm were current biased with an applied
field generated by uni-directional magnet at T ' 0:3K. The noticeable difference with respect
to magnetic interference patterns when compared to the junctions presented in the previous
section, is that most junctions had central lobe with width double than side lobes. However,
there were exceptions, as seen in Fig. 4.16b. As stated earlier, this serves as another indication
that improvements are needed in the fabrication process.
By considering the values of Al = 16nm and NbTiN = 370nm, one can expect to see the first
nodes of the Fraunhofer pattern at B0 = 195mT and B00 = 130mT respectively for L0 = 200nm
and L00 = 300nm (as discussed in Sect. 2.2.1).
The deviations from ideal Fraunhofer pattern (especially amplitude of side lobes) shown in Fig.
4.16 are mostly due to in-homogeneous current density across the junctions. This could be
due to the junction fabrication process, which facilitates current flow through the sides of the
junctions, where the barriers are thinner with respect to central regions.
A very asymmetrical and skewed pattern was observed in the case of the highest critical current
density (Fig. 4.16a), which is a signature of an effect occurring in the long junction regime.
Josephson current flowing through weak link generates a self-field, which gives a contribution
to the applied one [47, 48]. This effect is not negligible in the long junction regime, where
the spatial dimensions of the junction are larger than the Josephson penetration depth J =q
0
20Jctb
, with tB = 1coth( d11 ) + 2coth(
d2
22
) + d.
For Jc = 10KA/cm2, d1 = 7nm, d2 = 100nm, one can derive tB = 400nm and J ' 2:5m.
The latter is still much bigger than L0 and L00. However, the assumed value of the bulk-Al
penetration depth, reported in ref. [13], could be very different from what it is expected in
ultra-thin films. This would lead J to be significantly smaller.
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Figure 4.16: Modulation of the supercurrent due to a parallel magnetic field in junctions deposited
with recipe B: in panels (a) and (b), the results of two junctions with area 200 200nm2, while in (c)
and (d) the areas are nominally 300 300nm2. Several effects are evident: in (a), the skewness of the
Fraunhofer pattern is attributed to the long junction effect occurring for L > j ; from the patterns
reported in (b), (c) and (d), it emerges that supercurrent flows mostly at the edge of the barrier.
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4.3 Fabrication and characterisation of high-Q magnetic field resilient
superconducting resonators
The aim of this research regarding superconducting resonators is to engineer the design in order
to make them resilient at high parallel magnetic field. In this chapter, the main results are
presented. Important fabrication choices are NbTiN thickness and geometry of artificial defects
used for vortex-pinning. A good understanding of kinetic inductance is also essential, as it
determines the resonant frequencies.
4.3.1 Kinetic inductance characterisation
Four chips were fabricated from four different wafers (2 inch sapphire substrates Al2O3-0001).
The NbTiN thicknesses were t = 8; 22; 100; 300nm, varied in the range  < t < . The only
parameter that varied was the sputtering time. Each chip hosted eight resonators. In Fig. 4.17,
two optical images of the feedline termination and of a single resonator are shown.
In these chips, both feedline and resonators were designed with impedance Z = 50
 (wr = wf
and gr = gf ), by assuming  = 340nm. The resonant frequencies were between 4:5GHz and
7:0GHz. In Tab. 4, the details of the designs are listed.
NbTiN thickness (nm) wr; wf (m) gr; gf (m) Zf ; Zr (
)
8 42 0.4 50
22 32 2.5 50
100 15 4 50
300 11.5 4 50
Table 4: Design parameters of devices patterned from different thick films.
From the resonance frequencies fmeas at  20mK, the fractions of the kinetic inductance were
calculated:
 = LkLk+Lg = 1 
f2meas
f2normal
where fnormal is the theoretical resonance frequency without taking in account the kinetic
inductance: fnormal = 1
4l
p
LgC
.
Eventually, the kinetic inductance was calculated:
Lk =

1   Lg
where Lg is the geometric inductance derived with the equations discussed in Sect. 2.3.2.
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(a) (b)
Figure 4.17: Optical images of a 22nm-thick NbTiN device: (a) the feedline and its launcher, (b)
zoomed-in image of one of the resonators. The light color represents the superconducting film, the dark
is given by the substrate.
The homogeneity of the superconducting film is crucial, as variation in the thickness or in the
resistivity can lead to variability in the kinetic inductance across the same device. Resonators
patterned from ultra-thin films (t = 8; 22nm) showed wider statistical distribution of the kinetic
inductance than thick ones, as in-homogeneity of the films (intrinsic roughness) is not negligible
in the former (Fig. 4.18).
4.3.2 Targeting coupling quality factors
Coupling between the feedline and the resonators was investigated in the first four chips. Eight
resonators in the same chip were capacitively coupled to a single feedline with different couplers.
The coupling quality factor dependence on the length of the elbow was studied (Fig. 4.20).
In achieving the above, four different lengths of the coupler elbows were chosen (20; 40; 60 and
80m), while keeping the same spacing of ground strip between the resonators and the feedline
(2m) (Fig. 4.19).
The coupling quality factors shown in Fig. 4.20 appear following a trend as a function of the
coupler length, however there are deviations from the expected behaviour. For same coupler
length, the thickness of the film, together with geometry of the resonators (width and gap sizes)
contributes to shape a different Qc.
In a very basic interpretation of a coupler, this can be sketched as a parallel plate capacitor,
where the length of the elbow and the distance of the plates are the main parameters to vary
to target the capacitance. The frequency dependence of the coupling does not appear to play
an important role for frequencies  1GHz far apart.
65
1 2 3 4 5 6 7 8
 resonator  number
0
1
2
3
4
5
6
7
8
9
H
/m
1e−7
Lk  (H/m)
α=0.83
α=0.57
α=0.32
α=0.19
8 nm
22 nm
100 nm
300 nm
Figure 4.18: Kinetic inductance per unit length Lk of resonators patterned from different thick films.
The circles are the experimental data obtained from the resonant frequencies of 5 8 resonators patterned
from the same chip. The dashed lines represent the values calculated as discussed in Sect. 2.3.2 by
assuming  = 340nm. The kinetic inductance depends on both the thickness and the width of the
resonators. The design parameters are listed in Tab. 4. Resonators discussed here were designed with
Z = 50
.
feedline
coupler length
resonator
Figure 4.19: SEM image of the coupler between one resonator and the feedline (in gray, the supercon-
ductor; in white, the substrate underneath, where the film is etched). Coupler lengths were varied from
20m to 80m to tune the capacitance between feedline and resonator.
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Figure 4.20: Coupling quality factors Qc as a function of coupler length; all the resonators are separated
by the feedline with 2m of ground strip. Each panel correspond to a different film thickness: (a) 8nm,
(b) 22nm, (c) 100nm and (d) 300nm.
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Figure 4.21: In (a), resonance lineshapes for different input powers. In (b), typical trend of Qi and Qc
as a function of the average number of photons in the cavity for an overcoupled resonator.
4.3.3 Power dependence of internal quality factors
The average number of photons in the resonators np can be varied by changing the input power
Pin, as described by [36]:
np =
2Q2lPin
~!2Qc
The power Pin was estimated by considering the attenuation of the signal through the measure-
ment setup, given by both attenuators along the transmission line and cables. The losses due
to the total length of the cables (l  5  6m) was evaluated to be   10 dB.
Highest quality factors were measured at the highest power, while, at the single-photon regime,
they reach their minimum values. Lower powers had the disadvantage of a smaller signal-to-noise
ratio, which can be marginally solved by averaging more data points.
The effect of photon occupancy on resonance is shown in Fig. 4.21, where the behaviour of
Qi (blue series) and Qc (red series) as functions of np are presented. The data corresponds to
a resonator (fr = 6:051GHz), patterned from 22nm thickness NbTiN. This example clearly
illustrates that a weaker coupling is required for matching the ideal condition Qc  Qi.
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w (m) g (m) Z (
) 
8 5 108 0.82
4 5 155 0.81
2 5 222 0.87
1 5 315 0.92
Table 5: Design parameters of the resonators analysed for different temperatures. The kinetic induc-
tance ratio was calculated after the measurement.
The correlation between internal losses and input power, reflects the energy dissipation mecha-
nism due to spurious two level systems with low saturation powers - which can couple with the
microwave radiation. The high amount of two level systems, mostly present at the substrate
interfaces, is the main reason for the losses [34], while losses due to radiation are secondary. In
the single-photon regime, the internal quality factor is generally decreased by 1  3 times with
respect to the value reported at high powers (np  104). This is similar to what reported for
resonators patterned from NbTiN on silicon [36] and from Nb on sapphire substrates [34].
4.3.4 Temperature dependence
The temperature dependence of the resonance (frequency shift f/f = (f(T )   f0)/f0 and
internal quality factor Qi(T )) is a tool for better understanding of the dominant sources of loss.
For achieving the above, four resonators designed with different central conductor width and
patterned from a 22nm-thick film, were investigated. The coupler elbows were 40um long,
resulting in coupling quality factors in the order of Qc  3104 6104. Other design parameters
are listed in Tab. 5.
Due to the narrowness of the resonator (see parameter w) and the use of a very thin film,
kinetic inductance played a prominent role in the determination of resonant frequencies. Kinetic
inductance ratios  were calculated from measurement at 20mK.
Temperature dependence of the frequency shift can be attributed to two phenomena: the tem-
perature variation of the dielectric constant , which contains the response of two level systems
in the substrate, and the variation of the complex conductivity  of the superconductor, which
is defined by the Mattis-Bardeen theory [28]. The former is responsible for low-temperature
increase in f/f due to change in the capacitance C / , while the latter causes a negative shift
at higher temperatures due to the increase in Lk, as discussed in Sect. 2.2.2. The two effects
are independent and can be added together to give the total frequency shift [27, 34]:
f
f =

2
2
2
  F2 
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where the filling factor F describes the ratio of the energy stored in the TLS-loaded volume
with respect to the total stored in the resonator, and  the kinetic inductance fraction.
At very low temperature, the variation of the kinetic inductance is negligible, while the dielectric
constant is responsible for the positive shift of the resonance. In this regime, the resonant
interaction between electrical field and dipoles dominates and leads to a logarithmic up-shift,
described, at kT > hf , by [49]:

 =   2p
2P
  ln( TT0 )
where p refers to dipole momentum, P the density of states of the TLS and T0 a reference
temperature.
Estimations for  and for the product K = Fp2P/ were derived from the best-fit. According
to ref. [34], the value 1/K represents an upper limit to the internal quality factor measured
in the single-photon regime at low-temperature, where the TLS play the major role in the loss
mechanism. The model is valid for T > 0:2K, by considering frequencies in the order of 5GHz.
The data showed a deviation from the model. The non-monotonic behaviour of the frequency
shift is explained qualitatively, but the best-fit does not match quantitatively with the experi-
mental points. From fitting the data in Fig. 4.22a, 1/K was estimated to be  2:5  105. This
value is consistent with the maximum Qis measured at  1 photon at base temperature.
The temperature dependence of parameters, such as frequency shift, internal quality factors and
(c) of coupling quality factors are illustrated in Fig. 4.22.
Non-monotonic trends of the intrinsic quality factors were observed: they reach their maximum
values for a wide span of temperatures T = 0:6  1:1K, where thermal effects of depolarization
of the two level systems dominate over the resonant interactions with radiation. The fact that
even at T  0:6K there is a significant power dependence of the internal quality factors, means
that TLS still have an important role in absorption at high temperature (Fig. 4.23).
Reduction of Qis for T ? 1K is attributed to higher density of quasiparticles, which becomes
the main source of losses in the thermal regime. The peak in Qi at  1K is  0:5K higher than
reported in ref. [36, 38] for NbTiN deposited on silicon. This suggests better quality films were
used in this thesis, as losses linked to dissipative quasiparticles dominate at higher temperature.
4.3.5 Resonators in a parallel magnetic field
Devices with varying thickness (t = 8; 22; 100; 300nm) and geometric parameters (listed in
Tab. 4) were measured with an applied in-plane magnetic field, by using a 3D vector magnet.
The goal was to establish the optimum thickness for reducing losses related to vortices.
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Figure 4.22: Temperature dependence of the frequency shift (a), internal (b) and coupling (b) quality
factors for 4 difference resonators patterned from 22nm-thick NbTiN. Each resonator had different
central conductor width, spanning from 1 to 8m, but same gap of 5m.
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Figure 4.23: Power dependence of the internal quality factor extracted from measurements at different
temperature.
Applying a parallel magnetic field required an accurate alignment with the plane of the film.
The alignment was accomplished by changing the direction of the vector  !B and observing
the resonance frequency shift. As perpendicular component of the field causes high frequency
shift [38], the optimum angles  and  (in spherical coordinates) were chosen by finding the
coordinates, over which the resonances experienced the minimum down-shift. An example is
shown in Fig. 4.24, which refers to the alignment at 50mT of the device patterned from 300nm
thickness NbTiN.
Results obtained from thin-film devices (t = 8; 22nm) and thick-film devices (t = 100; 300nm)
will be discussed separately, as two different behaviours were observed.
Thick-film resonators
Trends of frequency shift and internal quality factor of resonators patterned from films with two
different thicknesses were analysed. Moreover, the effect of annealing ( 1000°C) was studied
in the case of t = 300nm.
Annealing was performed when fabrication of the chip was completed. A copy of the sample,
patterned from the same 300nm thick film, was fabricated without annealing. As discussed in
Sect. 4.1.3, it is expected that the annealed sample has Tc  16K.
The parameters extracted from the measurement are plotted as a function of the in-plane mag-
netic field in Fig. 4.25.
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Figure 4.24: Frequency shift of resonance while aligning the field at B = 50mT . The condition of
parallel field is achieved at the minimum down-shift, which in this case corresponds to the spherical
angle  ' 0:2°:
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Figure 4.25: Frequency shift (a) and Qi (b) as a function of parallel magnetic field for resonators
patterned from thick films: blue data points correspond to 100nm film, yellow and red ones refer to
300nm film, un-annealed and annealed respectively. The resonances are completely smeared out at
B ' 150mT .
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Figure 4.26: Qi at zero magnetic field and n  1: red series correspond to 300nm-thick film annealed,
while blue series to the un-annealed sample.
The frequency shift and the reduction of the internal quality factors were found to be similar in
all three samples. For B & 150mT , all resonances broaden and disappear due losses correlated
to vortices. Even by applying higher fields (B > 300mT ), resonances did not reappear. This
phenomenon can be attributed to nucleation of high number of vortices, pinning horizontally
through the films.
The frequency shift dependence was fitted with the quadratic function f/f =  kjjB2. The
parameter kjj  0:22T 2 was determined for all devices. It reflects the enhancement of kinetic
inductance, as magnetic field is gradually increased [38].
Internal quality factors of devices realised on 300nm film at 0T are compared in Fig. 4.26.
Internal quality factors in the annealed sample were observed to be significantly higher than
non-annealed one. This observation has to be further investigated in order to be confirmed.
Thin-film resonators
Opposite to case of thick films, Lorentzian lineshapes from resonators patterned from thin films
are unstable. Small film cross section does not allow vortices to pin horizontally, and fewer
vortices find a lower-energy configuration by bending orthogonally through the film. Vortices
are introduced close to resonators and are excited by microwave, causing local variations in
kinetic inductance, hence a fast frequency shift in the order of  0:1MHz   1MHz. Examples
of unstable resonances are shown in Fig. 4.27.
The phenomenon was observed also for fields in the order of  0:1mT and an accurate alignment
was not enough to cancel the instability. This could also arise due to trapped-field.
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Figure 4.27: Instability of resonances measured on thin-films as magnetic field is applied. In (a), it is
reported a typical resonance lineshape affected by the presence of vortices in a 8nm thickness film; in
(b), (c) and (d), a sequence of frequency scans repeated every 2 minutes is shown for a resonance from
22nm thickness film.
4.3.6 Achieving resonance stability via artificial defects in thin film resonators
In this section, the introduction of artificial defects on thin films is described. Two tools for
accomplishing stability of resonant frequencies were tested: the so-called holey ground plane and
a lattice of holes close to resonators. The concept of holey ground derives from what discussed
in Sect. 2.1.3 and it consists of replacing a bare ground plane with a grid made from narrow
superconducting strips.
In a superconducting strip with width w, the probability of vortex nucleation scales as / w 2.
Considering w = 1m, the perpendicular field that determines the nucleation of the first vortex
is B0 w 1:6mT . For w = 0:4m it becomes B0 ' 10mT .
The idea of holes in superconducting films arises from the concept of vortex-pinning potential
described in Sect. 2.1.2. Vortices find energetically favourable to reside in regions of weakened
superconductivity, where energy cost for creating quasiparticles is low. Artificial pinning sites as
holes in superconducting films trap magnetic flux, reducing creation of normal cores. Hopping of
fluxoids from one site to the other might occur if they interact with high supercurrent densities
or for thermally activated motion.
Role of holey ground
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Two similar samples were fabricated from 22nm-thick and 8nm-thick films. Both hosted eight
resonators: four were patterned from a ground bare plane and four from a holey ground. In case
of holey ground, 10m wide of bare ground plane skirted resonators. The grid on the holey
ground plane was realised by etching squares of 1 1m2, separated by superconducting strips
wide 1m.
Different widths of the central conductor (w = 16; 8; 4; 2m) were used, while maintaining gap
wide 0:4m. In Fig. 4.28 an optical image of a part of the 22nm-thick sample is shown.
The observations can be summarised in the following points:
• resonances, from both bare and holey ground resonators, were affected by vortices even
fields in the order ofB  0:1mT . Resonances appeared as sharp dips (f  0:1MHz) in
the transmission amplitude jS21j at 5:5T , but slower frequency scans showed instability,
similarly to what shown in Fig. 4.27;
• for different cool-downs, at 0T , the resonators on the bare ground plane showed different
resonance frequencies (shifted by  MHz) suggesting in some cases they were already
affected by vortex dynamics (see Fig. 4.29b). Resonators patterned from holey ground
showed the same resonant frequencies, not negatively affected by vortices at 0T ;
• different widths of resonators did not play any role in achieving the stability;
• internal quality factors at np  1 and B = 0T for resonators with same width are higher
if patterned from holey ground (Fig. 4.29a); this observation has to be further confirmed
by other systematic experiments to rule out a non-uniform density of states of two level
systems, which would lead to greater absorption at higher frequencies. This experiment did
not show any significant dependence of intrinsic quality factors with resonant frequencies.
In conclusion, replacing the bare ground plane with a grid is advised for experiments which in-
volve small magnetic fields, as the Earth one. At higher field, the stability of resonant frequencies
is not achieved.
Role of pinning holes
Role of the pinning holes was investigated on 22nm-thick sample, with holey ground plane
with squares size 0:4  0:4m2, and superconducting strips wide 0:4m. The skirt along the
gap of resonator was 4m wide, while the holes had diameter 300nm, similarly to the value of
penetration depth  of the material. This determines the outer radius of a vortex. Together,
holes form a triangular lattice, where the minimum distance of two centers is 1m (Fig. 4.30).
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Figure 4.28: Optical image of the sample patterned from 22nm-thick NbTiN: half of the device has
resonators patterned from a holey ground, while the other half on a bare ground. The feedline divides
the two ground planes as shown in (a). In (b) and (c), zoom-in images of a resonator patterned from
holey ground.
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Figure 4.29: Role of holey ground: (a) internal quality factors at 0T divided in two sets: the res-
onators patterned from holey ground (square series) and from bare ground plane (circle series). The
enhancement in Qi given by holey ground is significant, but has to be further confirmed; (b) resonance
frequencies of resonator patterned from the bare ground differs for each cool-down. The resonance in
black shows double dips as it is affected by vortices as consequence of trapped-field.
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Figure 4.30: SEM images reporting features of vortex-pinning traps: (a) a shorted-end of one of the
resonators, (b) a coupler between resonator and feedline, (c) zoom-out image of the holey ground, (d)
holes with a diameter of 300nm. The distance between two nearest holes is 1m.
According to what discussed in Sect. 2.1.2, this configuration is the most favourable and, for
B?  2mT , the vortices lattice constant is in the order of ' 1m.
The device hosted 12 resonators, which were designed with various geometries. All the design
parameters are reported in the Tab. 6, counting the resonators from the lowest in frequency
(4:87GHz) to the highest (6:43GHz).
Parallel magnetic field was applied in-plane of the film. Resonance stability of all the resonances
was observed, independently on the geometry of the resonator. Fig. 4.31 illustrates the evolution
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resonator w (m) g (m) Z (
)
1 8 1 80
2 8 5 108
3 8 10 125
4 4 1 115
5 4 5 155
6 4 10 176
7 2 1 169
8 2 5 222
9 2 10 247
10 1 1 247
11 1 5 315
12 1 10 415
Table 6: Designed central conductor width, gap size and impedance for 12 resonators patterned
from a 22nm-thick film, with artificial pinning sites.
of the resonant lineshape of the resonance no. 1. The central frequency shifted from its value
at 0T , without being affected by vortex dynamics.
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Figure 4.31: Evolution of resonance no. 1 from 0 to 5T (w = 8m and g = 1m). Lineshapes appear
as stable and narrow dips in the transmission, as vortex pinning sites were introduced.
A quantitative analysis of the frequency shift and of the quality factors was accomplished by
sweeping the magnetic field up to 5:5T , limit value set by the magnet. Accuracy of alignment
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was tested every time any resonance was found to be unstable (B & 1:5T ). A small adjustment
of the spherical angles  and  in the order of  0:005° was sufficient to re-establish the stability.
Analysis of the data relative to resonator no. 1 is presented in Fig. 4.32.
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Figure 4.32: Trend of the internal quality factor (a) and of the frequency shift (b) as a function of the
applied magnetic field for resonator no. 1.
Parabolic frequency shift f/f was observed as a function of the magnetic field, similarly to
what reported in [38]. The experimental points were fitted with the function f/f =  kjjB2.
The value kjj = 2:2  10 3 T 2 was extracted. It was found to be not dependent on the design
parameters of resonators.
The internal quality factor dependence (Fig. 4.32 and Fig. 4.33) showed a non-monotonic
behaviour. A minimum was observed at  150   250mT , and an absolute maximum mostly
occurred at  600mT . This maximum resulted to be 2  3 times higher than Qi(B = 0T ). For
higher fields, Qis resulted to decrease slowly, without changing substantially, up to 5:5T .
Frequency shift and internal quality factor for each resonators are plotted separately in Fig.
4.33. Some of the best results are also shown in a single plot in Fig. 4.34.
The significant dip occurring in the trend of the quality factors at low field was studied, by
estimating the quantity g  sz appearing in the equation of the energy-splitting due to spin
polarization:
E = 2  gszBBmin = hf
The evaluations of the quantity (2gsz) 1are reported in Fig. 4.35.
Average of the values is 2gsz  2 . By assuming impurities with free-spin sz = 12 , a Landè factor
g of  2 was derived, similarly to what found in ref. [38]. Internal quality factor reduction
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Figure 4.33: Qi and f/f for all the resonators , except no. 1 already shown in Fig. 4.32. Resonances
6 and 7 have been analysed up to 1T , above this value they superpose on each over preventing from
distinguishing the two lineshapes.
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Figure 4.34: Trends of f/f (a) and Qi (b) as a function of parallel magnetic field.
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Figure 4.35: Analysis of the quantity (2gsz) 1, corresponding to the dips in the trend of the Qi(B)
appearing for B ' 150  250mT . The average of the data gives 2gsz  2. By assuming impurities with
spin sz = 1/2, one can obtain a Landè factor of  2.
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observed at B  200mT was therefore associated to absorption of paramagnetic impurities,
which can couple to microwave radiation.
At B  2:5   3:5T , a less prominent dip was observed in most of Qis. This was attributed to
other paramagnetic centers with factor 2gsz  0:125, which might reside in sapphire substrates
(i:e: Cr3+, Fe3+ impurities which replace Al3+ions in the crystal system [50]). Similar mea-
surements on resonators on silicon substrates, in fact did not show any reduction in internal
quality factors at such high field [38].
Finally, the parameters kjj obtained for both thick and thin films can be compared: kthickjj =
2:2  10 1 T 2 and kthinjj = 2:2  10 3 T 2. The kinetic inductance appears to be influenced
stronger in the case of thick films than thin ones; this difference can be attributed to the large
number of vortices, which can enter the film in the parallel direction if the cross section is not
much smaller than the penetration depth.
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5 Conclusions
This work focused on three topics: optimisation of sputtered NbTiN, characterisation of high
field SIS Josephson junctions and superconducting microwave resonators.
Several NbTiN thin films were deposited in different sputtering conditions, and the desired
combination of low resistivity ( = 75
  cm) and relatively high superconducting transition
temperature (Tc  13   14K) was achieved. The maximum Tc of 14:1K was recorded for
a film deposited at T = 320°C using a negative DC bias voltage (Vb =  40V ) between the
sample and the target. As the temperature of the substrate was increased during the deposition
(20°C to 320°C), a linear decrease in resistivity was observed. High-quality NbTiN films were
subsequently used for realisation of both Josephson junctions and superconductive resonators.
Josephson junctions made from thin-Al/AlN/NbTiN were fabricated, with AlN barriers de-
posited with different sputtering parameters. Josephson junctions showed high critical current
( 10KA/cm2), which was modulated by a magnetic field, applied parallel to the film. Su-
percurrent was observed up to the normal transition of the aluminum electrode at  2T . The
reproducibility of the process was investigated by studying the variability of the normal state
resistances (Rn/Rn ) of several junctions with the same geometry. For junctions realised
with  3:9nm-thick barrier, low variability of 6   10% was achieved. A barrier with thickness
 5nm might improve the reproducibility, without drastically affecting the critical current den-
sity. However, the fabrication process discussed in this thesis has the disadvantage that not all
the layer depositions occur in situ. An alternative fabrication process with all layers deposited
in situ should be tried in future, for achieving even higher reproducibility.
Finally, the performance of microwave superconducting resonators at high in-plane magnetic
field was investigated. The key finding was that the combination of thin films ( 22nm) and
artificial pinning sites is essential in order to maintain internal quality factors of  105 and
stable resonances up to 5:5T . A further variation in the geometric features of the artificial
defects (i.e. hole sizes and density) has to be further studied, for fully understanding the link
between vortex instability and pinning sites.
In conclusion, mesoscopic superconducting elements were realised and can be used in circuits
for braiding of Majoranas, involving high parallel magnetic fields.
All the results discussed in this thesis are related to devices, which I personally fabricated and
measured at low-temperature. My supervisors introduced me the nanofabrication techniques,
which I mostly independently used in the Kavli Nanolab Delft cleanroom facilities. I acknowledge
James Kroll, Dr. M. C. Cassidy and Dr. A. Bruno for having trained me in the realisation and
measurements of microwave superconducting resonators. I acknowledge Dr. M. Quitero Perez
for the training in the deposition of NbTiN and for the help in the optimisation, W. Uilhoorn,
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conclusion, I acknowledge D. Van Woerkom for the aluminum depositions, and E. van Veldhoven
(TNO), together with F. van Riggelen, for the XPS analysis of AlN films.
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Summary
Quantum computers offer a more efficient alternative to modern day computers. Majorana
fermions represent a promising platform for their practical realisation; as their non-local nature
provides topological protection of the encoded quantum information [4]. A strong external
magnetic field along with high spin-orbit coupling in semiconductor nanowire interfaced with a
superconductor, are necessary ingredients, in order to induce the topological phase that hosts
Majoranas [2].
After the first experimental signatures [3], braiding a pair of Majoranas is required for conclu-
sively proving their existence. This requires a sophisticated mesoscopic circuit, which must be
resilient to high magnetic fields [5]. Essential to the proposed circuit are SQUIDs for flux-tuning
the long-range Coulomb interaction between Majoranas, and a superconducting microwave res-
onator to read-out the charge parity of a superconducting island.
NbTiN is the preferred superconductor because of its high critical magnetic field (Bc2 > 9T ).
In this thesis, magnetic field resilient circuit elements (Josephson junctions for SQUIDs and
superconducting resonators) are realised for their application in Majorana braiding circuit.
In achieving the above, optimisation of deposition conditions for high-quality NbTiN films was
performed. Several superconducting films were sputtered by means of DC reactive magnetron
sputtering from a NbTi target in an argon/nitrogen plasma. Parameters varied include rate of
nitrogen flow, substrate temperature, bias voltage and target purity. Resistivity and supercon-
ducting transition temperature (Tc) of the films were investigated. As the temperature of the
substrate was increased during the deposition (20°C to 320°C), a linear decrease in the resistiv-
ity was observed. Corresponding to each substrate temperature, an optimum rate of nitrogen
flow for which a maximum Tc was observed. Maximum Tc of 14:1K was recorded for a film
deposited at T = 320°C by using a negative DC bias voltage (Vb =  40V ) between sample and
target. High-quality NbTiN films were subsequently used for the realisation of both Josephson
junctions and superconductive resonators.
Josephson junctions usually fail at high magnetic fields as superconductivity is weakened. In
particular, standard Al/AlO/Al Josephson junctions are not suitable as bulk aluminum transi-
tions to normal state at a magnetic field in the order of  10mT . However, the behaviour of
ultra thin aluminum films (< 10nm) is very different (Bcjj  2T ) [14]. Therefore, junctions
of the type thin-Al/AlN/NbTiN were investigated. The first electrode is a very thin Al layer
(tAl  7  9nm), while the counter electrode is NbTiN (tNbTiN  100nm). Effect of sputtering
parameters of AlN was studied for optimising junction properties, and IV traces were measured
in applied in-plane magnetic fields up to  2T . Best junctions showed high critical current
density (Jc(B = 0)  10 kA/cm2), which could be modulated by magnetic flux through the
junction.
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Finally, microwave superconducting resonators resilient to high in-plane magnetic fields were
developed. Several chips were fabricated, each with different thickness of NbTiN (8nm to
300nm). /4 resonators were patterned in each chip and coupled to a common feedline. Res-
onances lineshapes were measured by using a heterodyne technique with the samples cooled
down to T ' 20mK. The key finding was that a combination of thin films ( 22nm) and
artificial pinning sites is essential in order to maintain internal quality factors of  105 and
stable resonances up to 5:5T .
In conclusion, mesoscopic superconducting circuit elements resilient at high in-plane magnetic
field for Majorana braiding, were characterised. This experiment is of fundamental importance
for confirming their existence.
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